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Introduction 

This  research  project  is  to  investigate  a  chromatin-modifying  enzyme,  called  EZH2,  which 
is  implicated  in  epigenetic  modifications  that  contribute  to  breast  cancer  progression  (Bracken 
et  al.  2003;  Kleer  et  al.  2003;  Raaphorst  et  al.  2003;  Cha  et  al.  2005;  Bachmann  et  al.  2006; 
Collett  et  al.  2006;  Ding  et  al.  2006).  EZH2  is  a  histone  methyltransferase  that  modifies 
histone  H3  on  lysine-27  (Cao  et  al.  2002;  Kuzmichev  et  al.  2002),  which  is  a  chromatin 
modification  linked  to  gene  silencing  (Cao  and  Zhang  2004).  The  purposes  of  this  research 
are  to  1)  reveal  basic  mechanisms  and  consequences  of  EZH2  function  in  breast  cancer  cells 
and  2)  to  develop  a  breast  cancer  cell  line-based  bioassay  to  screen  for  inhibitors  of  the  EZH2 
histone  methyltransferase.  This  research  entails  identification  and  analysis  of  individual  target 
genes  that  are  silenced  by  EZH2  in  breast  cancer  cells,  the  mapping  and  characterization  of 
DNA  elements  within  these  genes  that  mediate  EZH2  silencing,  and  the  exploitation  of  these 
EZH2  response  elements  to  engineer  cell  lines  that  enable  identification  of  small  molecule 
inhibitors  of  EZH2. 


Body 

The  body  of  this  Annual  Progress  Report  is  organized  with  respect  to  individual  Tasks 
within  the  Statement  of  Work  (SOW). 

Task  I-2A:  To  identify  target  genes  that  are  silenced  by  EZH2  in  breast  cancer  cell  lines 

A  list  of  about  a  dozen  candidate  EZH2  target  genes  was  compiled  based  upon  expression 
microarray  and  chromatin  IP-microarray  (ChIP-Chip)  data  generated  previously  by  others  in 
studies  using  primarily  non-mammary  cell  types  (Kirmizis  et  al.  2004;  Bracken  et  al.  2006; 
Squazzo  et  al.  2006).  The  main  objective  was  to  identify  target  genes  that  are  directly  silenced 
by  EZH2  in  the  breast  cancer  cell  lines  SKBR3  and  MCF7.  To  accomplish  this,  we  first 
employed  RNA  interference  (RNAi)  to  reduce  EZH2  levels  in  the  cells  followed  by  RT-PCR  to 
measure  changes  in  target  gene  expression.  Figure  1  shows  that  we  can  achieve  80-90% 
reduction  of  EZH2  protein  levels  by  RNAi  using  a  pool  of  double-stranded  oligonucleotides 
targeted  against  EZH2.  As  expected,  global  levels  of  tri-methylated  histone  H3  on  K27,  which 
is  deposited  by  EZH2,  are  also  reduced  when  EZH2  is  depleted  (Fig.  1).  Quantitative  (real- 
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time)  PCR  analysis  revealed  that  the  candidate  target  genes  CCND2  and  MYT 1  are  de- 
repressed  upon  EZH2  knockdown  (Fig.  2),  suggesting  that  these  target  genes  are  silenced  in 
breast  cancer  cells.  CCND2  encodes  the  cell  cycle  regulatory  protein  cyclin  D2  and  MYT  1 
encodes  a  transcription  factor.  Similar  RT-PCR  results  were  obtained  for  these  two  target 
genes  in  SKBR3  and  MCF7  cells. 

We  then  performed  chromatin  IP  studies  to  determine  if  EZH2  associates  directly  with  the 
CCND2  and  MYT  1  genes.  Figure  3  shows  that  EZH2  is  detected  in  both  the  promoter  and 
upstream  regulatory  regions  of  both  CCND2  and  MYT  1 ,  whereas  EZH2  association  is  not  seen 
with  a  negative  control  gene,  GAPDH.  Taken  together  with  the  RNAi  results,  these  data 
indicate  that  CCND2  and  MYT  1  are  directly  silenced  by  EZH2  in  breast  cancer  cell  lines.  We 
selected  the  CCND2  target  gene  for  further  analysis  to  identify  and  delimit  DNA  regulatory 
elements  that  mediate  EZH2  silencing  (Task  11-1 ,  below)  and  to  assess  the  role  of  EZFI2  in 
CpG  DNA  methylation  of  a  target  gene  (Task  I-2B,  below). 

Task  I-2B:  To  determine  if  EZH2  and  DNA  methyltransferases  collaborate  in  breast  cancer 
cells 

In  addition  to  the  intrinsic  histone  methyltransferase  activity  of  EZH2  complexes  (Cao  et  al. 
2002;  Kuzmichev  et  al.  2002),  there  is  also  evidence  that  EZH2  can  partner  with  DNA 
methyltransferases  to  promote  CpG  DNA  methylation  (Vire  et  al.  2006).  This  is  an  important 
connection  in  cancer  epigenetics  since  promoter  hypermethylation  on  CpG  is  a  common 
hallmark  of  cancer  cells  and  is  thought  to  play  a  key  role  in  tumor  suppressor  loss  (Jones  and 
Baylin  2002).  Having  established  CCND2  as  a  direct  EZH2  target  gene  in  breast  cancer  cells, 
we  sought  to  determine  if  CpG  methylation  within  the  CCND2  upstream  region  depends  upon 
EZH2.  We  performed  methylation-specific  PCR  to  test  if  methylation  of  CpG  islands  upstream 
of  CCND2,  previously  shown  to  be  methylated  in  breast  cancer  tissue  (Evron  et  al.  2001), 
requires  EZH2  function.  Indeed,  we  found  that  EZH2  knockdown  reduces  genomic  DNA 
methylation  at  a  CpG  island  located  1 .3  kb  from  the  CCND2  start  site  in  SKBR3  cells  (Fig.  4, 
compare  lanes  3  and  4  in  MSP  panel).  This  result  suggests  that  EZH2  partnership  with  the 
DNA  methylation  machinery  extends  to  CCND2  chromatin  in  breast  cancer  cells.  Thus,  this 
model  target  gene  could  be  used  to  further  investigate  mechanisms  that  underlie  linkage 
between  histone  H3-K27  methylation  and  CpG  DNA  methylation,  which  has  been  highlighted 
by  several  recent  cancer  epigenetics  studies  (Ohm  et  al.  2007;  Schlesinger  et  al.  2007; 
Widschwendter  et  al.  2007). 
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Task  11-1 :  To  identify  and  test  DNA  fragments  from  EZH2  target  genes  that  can  mediate  EZH2 
silencing  (EZH2  response  elements) 

To  identify  and  delimit  potential  EZH2  response  elements  within  the  CCND2  regulatory 
region,  we  have  first  pursued  high-resolution  chromatin  IP  tests  to  determine  where  EZH2 
physically  associates  with  CCND2  chromatin  in  SKBR3  cells.  Upon  testing  for  EZH2  binding 
throughout  the  4  kb  upstream  region  of  CCND2,  we  found  that  there  is  a  major  peak  of  EZH2 
association  from  -1 .6  to  -3.2  kb  and  a  second  peak  at  the  promoter/start  site  region  (Fig.  5,  top 
panel).  Thus,  we  hypothesize  that  one  or  both  of  these  regions  may  contain  an  EZH2 
response  element.  To  obtain  further  clues  about  potentially  relevant  DNA  sites  within  these 
regions,  we  also  mapped  the  distributions  of  the  YY1  and  OCT4  transcription  factors  in  this 
same  CCND2  region  by  chromatin  IP.  Although  the  general  mechanisms  that  recruit  EZH2  to 
chromatin  sites  in  mammary  cells  are  largely  unknown,  these  two  DNA-binding  proteins  have 
been  implicated  in  EZH2  targeting  in  studies  on  embryonic  stem  cells  and  muscle  cells  (Caretti 
et  al.  2004;  Squazzo  et  al.  2006;  Endoh  et  al.  2008).  Therefore,  they  are  good  candidates  to 
investigate  in  our  system.  Encouragingly,  we  find  that  both  the  YY1  and  OCT4  distributions 
coincide  with  the  EZH2  distribution  in  CCND2  chromatin  (Fig.  5,  second  and  third  panels).  We 
will  next  perform  YY1  and  OCT4  knockdown  in  these  cells  to  determine  if  either  factor  is 
functionally  required  for  EZFI2  association.  If  we  find  that  either  YY1  or  OCT4  is  needed  to 
target  EZH2  to  the  CCND2  gene,  then  the  distributions  of  their  consensus  DNA-binding  sites 
can  be  used  to  help  pinpoint  locations  of  potential  EZH2  response  elements  within  CCND2 
upstream  DNA. 

In  parallel  with  the  chromatin  IP  mapping,  we  have  begun  to  develop  a  functional  assay  for 
EZH2  silencing  in  breast  cancer  cells.  Our  initial  approach  is  to  create  luciferase  reporter  gene 
constructs  for  transient  transfection  assays.  Figure  6  shows  several  reporter  contructs  that  we 
have  generated;  each  contains  an  intact  CCND2  upstream  region  fused  to  luciferase  or  just 
the  CCND2  promoter  or  upstream  region  in  combination  with  the  SV40  enhancer  or  promoter 
to  drive  expression.  These  constructs  have  been  generated  using  the  pGL3  series  of 
luciferase  reporter  vectors  (Promega).  We  will  transfect  these  reporter  constructs,  plus  a 
reference  Renilla  luciferase  vector,  either  in  presence  or  absence  of  a  co-transfected  EZH2 
expression  vector.  EZH2  silencing  in  this  assay  will  be  assessed  by  the  decline  in  luciferase 
levels  upon  EZH2  co-transfection.  We  will  use  MCF10A  mammary  cells,  since  endogenous 
EZH2  levels  are  lower  here  than  in  SKBR3  or  MCF7  cells.  If  we  achieve  significant  reporter 


7 


silencing  in  these  transient  assays,  then  we  will  test  if  this  depends  upon  EZH2  histone 
methyltransferase  activity  using  an  enzyme-dead  EZH2  catalytic  site  mutant  (Croonquist  and 
Van  Ness  2005).  If  we  are  unable  to  achieve  robust  EZH2-mediated  silencing  in  this  type  of 
assay,  then  we  will  pursue  alternative  assay  systems  that  use  chromosomally  integrated  rather 
than  transiently  introduced  reporter  constructs.  Once  a  functional  assay  for  EZH2  silencing  in 
mammary  cells  is  achieved,  then  we  will  use  this  assay  to  delimit  and  characterize  EZH2 
response  elements.  An  assay  system  that  recapitulates  robust  EZH2  silencing  is  needed  to 
develop  a  breast  cancer  cell  line-based  bioassay  for  EZH2  inhibitors,  as  envisioned  in  Task  II 
of  our  Research  Plan. 


Key  Research  Accomplishments 

1 )  Identification  of  target  genes  that  are  directly  silenced  by  EZH2  in  breast  cancer  cells 

2)  Evidence  that  the  linkage  between  EZH2  function  and  CpG  DNA  methylation  extends  to  the 
CCND2  target  gene  in  breast  cancer  cells 

3)  Mapping  of  EZH2,  YY1 ,  and  OCT4  sites  of  association  within  the  CCND2  target  gene  in 
breast  cancer  cells 


Reportable  Outcomes 

1)  Abstract:  Era  of  Hope  Meeting,  June  2008,  DOD  Breast  Cancer  Research  Program 
(attached  as  Appendix  Item  1 ). 

2)  Review  Article:  Simon,  J.A  and  Lange,  C.A.  (2008).  Roles  of  the  EZH2  histone 
methyltransferase  in  cancer  epigenetics.  Mutation  Research,  in  press,  for  Special  Issue  on 
"Epigenetics  of  development  and  human  disease." 

(attached  as  Appendix  Item  2). 
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Conclusion 

This  research  has  identified  individual  EZH2  target  genes  in  breast  cancer  cells,  which  can 
now  be  exploited  in  further  studies  to  identify  DNA  elements  responsible  for  gene  silencing  by 
EZH2.  The  identification  and  harnessing  of  these  EZH2  response  elements  provide  a  key 
component  of  our  planned  strategy  for  isolating  small  molecule  inhibitors  of  the  EZH2 
chromatin-modifying  enzyme.  Such  inhibitors  provide  important  lead  compounds  for  the 
development  and  optimization  of  potential  therapeutics  that  block  EZH2  function.  These 
inhibitors,  and  their  derivatives,  may  find  use  in  emerging  strategies  to  combat  cancer 
progression  through  drugs  that  alter  epigenetic  states  of  genomes  in  cancer  cells  (Egger  et  al. 
2004;  Lyko  and  Brown  2005;  Yoo  and  Jones  2006). 
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Title:  Analysis  of  EZH2  function  and  target  gene  silencing  in  breast  cancer  cells 
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EZH2  is  the  catalytic  subunit  of  Polycomb  repressive  complex  2  (PRC2),  which  is  a 
highly  conserved  chromatin-modifying  enzyme  complex.  PRC2  methylates  histone  H3  on 
lysine  27,  which  is  a  repressive  chromatin  mark  that  contributes  to  gene  silencing.  Recently, 
EZH2  has  been  linked  to  aggressive  forms  of  breast  cancer  as  well  as  other  cancers. 

Analyses  of  patient  samples  shows  that  abnormally  elevated  EZH2  levels  correlate 
significantly  with  invasiveness  and  increased  proliferation  rates  of  breast  carcinomas  (Kleer  et 
al.  2003;  PNAS  100:1 1606).  In  addition,  EZH2  over-expression  in  breast  epithelial  cells 
causes  anchorage-independent  growth  and  increased  cell  invasiveness  in  vitro  and  injection  of 
EZH2  over-expressing  cells  into  mammary  tissue  causes  tumor  production  in  mice  (Kleer  et  al. 
2003;  PNAS  100:1 1606;  Cha  et  al.  2005;  Science  310:306).  EZH2  has  also  been  functionally 
linked  to  CpG  DNA  methylation  (Vire  et  al.  2006;  Nature  439:871).  Tumor  suppressor  genes 
are  frequently  hypermethylated  on  CpG  and  silenced  during  breast  cancer  progression. 

To  address  mechanisms  by  which  EZH2  over-abundance  could  alter  cellular 
phenotypes,  it  is  important  to  identify  and  study  regulatory  regions  of  target  genes  that  undergo 
EZH2-dependent  chromatin  changes  in  mammary  cells.  After  screening  EZH2  target  genes 
identified  in  non-mammary  cell  types  (Kirmizis  et  al.  2004;  Genes  Dev  18:1592;  Squazzo  et  al. 
2006;  Genome  Res  16:890),  we  found  that  the  transcription  factor  MYT1  and  cyclin  D2 
(CCND2)  are  direct  EZH2  target  genes  in  breast  cancer  cells.  Depletion  of  EZH2  by  RNAi  in 
SKBR3  cells  derepresses  MYT 1  by  about  20-fold  and  CCND2  by  about  5-fold.  These  EZH2 
RNAi-treated  cells  also  show  decreased  global  levels  of  trimethylation  on  histone  H3-K27. 
Chromatin  immuneprecipitation  (ChIP)  assays  show  that  EZH2  binds  directly  to  the  promoter 
and  upstream  regulatory  regions  of  MYT1  and  CCND2.  We  mapped  EZH2  distribution  in 
CCND2  upstream  DNA  to  a  region  from  -1 .3  kb  to  -3.2  kb,  which  defines  a  putative  EZH2 
response  element.  In  agreement  with  a  link  between  EZH2  and  DNA  methylation,  we  found 
that  EZH2  knockdown  reduces  levels  of  CpG  methylation  in  this  CCND2  region. 

PRC2  often  functions  together  with  other  Polycomb  proteins  in  target  gene  silencing.  In 
the  Drosophila  system,  a  DNA-binding  protein  called  PHO  helps  recruit  PRC2  to  target  genes, 
and  histone  methylation  by  PRC2  is  thought  to  help  recruit  Polycomb  repressive  complex  1 
(PRC1 ).  We  used  ChIPs  to  address  if  the  human  homologs  of  these  factors  cooperate  with 
PRC2  in  SKBR3  cells.  We  find  that  YY1 ,  the  human  homolog  of  PHO,  and  BMI-1 ,  a  subunit  of 
human  PRC1,  are  both  recruited  to  the  CCND2  upstream  region  where  they  tightly  colocalize 
with  EZH2.  These  results  suggest  that  conserved  Polycomb  components  cooperate  in 
chromatin  silencing  at  the  CCND2  locus  in  breast  cancer  cells.  In  the  short  term,  we  plan  to 
perform  functional  assays  to  delimit  the  EZH2  response  element(s)  in  this  region.  In  the  long 
term,  we  wish  to  fuse  EZH2  response  elements  to  reporter  genes  to  identify  EZH2  chemical 
inhibitors  using  cell-based  transcription  readout  screens.  The  identification  of  EZH2  inhibitors 
may  provide  new  drug  leads  for  development  of  anti-cancer  therapeutics. 
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Abstract 

EZH2  is  the  catalytic  subunit  of  Polycomb  repressive  complex  2  (PRC2),  which  is  a  highly 
conserved  histone  methyltransferase  that  targets  lysine-27  of  histone  H3.  This  methylated  H3- 
K27  chromatin  mark  is  commonly  associated  with  silencing  of  differentiation  genes  in 
organisms  ranging  from  plants  to  flies  to  humans.  Studies  on  human  tumors  show  that  EZH2 
is  frequently  over-expressed  in  a  wide  variety  of  cancerous  tissue  types,  including  prostate  and 
breast.  Although  the  mechanistic  contributions  of  EZH2  to  cancer  progression  are  not  yet 
determined,  functional  links  between  EZH2-mediated  histone  methylation  and  DNA 
methylation  suggest  partnership  with  the  gene  silencing  machinery  implicated  in  tumor 
suppressor  loss.  Here  we  review  the  the  basic  molecular  biology  of  EZH2  and  the  findings  that 
implicate  EZH2  in  different  cancers.  We  also  discuss  EZH2  connections  to  other  silencing 
enzymes,  such  as  DNA  methyltransferases  and  histone  deacetylases,  and  we  consider 
progress  on  deciphering  mechanistic  consequences  of  EZH2  overabundance  and  its  potential 
roles  in  tumorigenesis.  Finally,  we  review  recent  findings  that  link  EZH2  roles  in  stem  cells  and 
cancer,  and  we  consider  prospects  for  integrating  EZH2  blockade  into  strategies  for 
developing  epigenetic  therapies. 

1.  introduction 

Chromatin  changes  have  long  been  associated  with  cancer  (reviewed  in  [1-5]).  The  most 
well-characterized  alteration  is  CpG  DNA  hypermethylation  which  often  accumulates  in 
promoter  regions  of  tumor  suppressor  genes,  thereby  contributing  to  tumor  suppressor  loss 
through  epigenetic  silencing  [1],  CpG  hypermethylation  at  specific  loci  is  so  commonly 
observed  in  breast,  prostate,  and  a  wide  variety  of  other  cancers  that  this  epigenetic  alteration 
is  considered  a  molecular  marker  of  these  diseases  [6],  In  addition  to  DNA  methylation, 
epigenetic  modification  states  of  histones  are  also  implicated  in  oncogenesis  [2,7,8],  Particular 
global  patterns  of  acetylation  and  methylation  of  histones  H3  and  H4  are  associated  with 
multiple  cancer  types  and,  in  the  case  of  prostate  cancer,  these  modification  patterns 
distinguish  disease  subtypes  and  can  predict  patient  outcome  [9,10],  These  and  other  findings 
promote  an  emerging  view  that  epigenetic  changes  in  the  cancer  cell  genome  may  contribute 
just  as  significantly  to  disease  progression  as  do  genetic  alterations  to  DNA  sequence  [1,7,1 1], 
However,  there  is  a  crucial  difference  between  genetic  and  epigenetic  alterations,  which  has 
important  implications  for  development  of  cancer  treatments.  Once  the  DNA  sequence  is 
changed  by  mutation,  it  is  difficult  to  restore  the  gene  or  counteract  the  altered  gene  product. 


3 

However,  epigenetic  changes  can  potentially  be  reversed  with  inhibitors  that  block  the  relevant 
chromatin-modifying  enzymes.  Thus,  it  is  important  to  identify  mechanisms  of  epigenetic 
enzymes  in  cancer  cells  with  an  eventual  goal  of  developing  strategies  to  impede  their 
undesired  activities. 

2.  Molecular  biology  of  the  EZH2  histone  methyltransferase 

Among  the  histone  modifications  associated  with  gene  silencing  and  cancer,  much  has 
been  learned  recently  about  the  enzymes  responsible  for  methylation  of  histone  lysine 
residues  [2,8,12],  Here  we  focus  on  one  of  these  histone  methyltransferases,  called  Polycomb 
repressive  complex  2  (PRC2),  which  is  the  major  enzyme  that  methylates  lysine-27  of  histone 
H3  (H3-K27).  When  PRC2  methylates  this  residue,  it  can  add  up  to  three  methyl  groups  to  the 
e-amino  group  of  the  lysine  side  chain.  The  tri-methylated  form  of  H3-K27  is  currently  viewed 
as  the  predominant  form  that  conveys  biological  function  in  vivo.  Thus,  referral  here  to  methyl- 
H3-K27  indicates  the  tri-methylated  form,  unless  stated  otherwise. 

PRC2  was  initially  purified  and  characterized  from  human  cells  and  Drosophila  embryos 
[13-16],  As  depicted  in  Fig.  1A,  human  and  fly  PRC2  have  very  similar  core  subunit 
compositions.  They  each  contain  a  conserved  catalytic  subunit,  EZH2  in  humans  or  E(Z)  in 
flies,  which  contains  the  signature  SET  domain  that  provides  the  methyltransferase  active  site 
[17].  Structure  determinations  of  other  SET  domains  have  revealed  an  unusual  "thread-the- 
needle"  structure,  called  a  pseudoknot  ([18,19]  for  reviews).  The  pseudoknot  is  formed  by 
juxtaposition  of  two  conserved  peptide  motifs  within  the  SET  domain,  with  one  peptide  inserted 
through  the  loop  created  by  the  other.  These  structures  show  that  the  substrate  lysine  and 
methyl  donor  cofactor  bind  opposite  sides  of  the  SET  domain  with  their  binding  pockets 
connected  by  an  interior  channel  that  aligns  the  reactive  groups  for  methyl  transfer.  However, 
the  EZH2/E(Z)  subunit  lacks  enzyme  function  on  its  own.  Instead,  EZH2/E(Z)  must  be 
complexed  with  at  least  two  of  its  noncatalytic  partners,  EED/ESC  and  SUZ12,  to  attain  robust 
histone  methyltransferase  activity  [20-24], 

Fig.  IB  displays  the  domain  organization  of  EZH2.  Both  the  C-terminal  SET  domain  and 
the  adjacent  cysteine-rich  CXC  domain  are  required  for  histone  methyltransferase  activity  [13- 
15,20],  As  also  indicated  in  Fig.  IB,  additional  N-terminal  domains  provide  binding  sites  for 
assembly  with  the  required  partner  subunits.  PRC2  enzyme  function  can  also  be  influenced  by 
another  associated  component,  called  PHF1  in  human  cells  and  PCL  in  flies.  Although 
PHF1/PCL  is  not  a  core  subunit  of  PRC2  (Fig.  1A),  its  association  with  the  complex  can 
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stimulate  PRC2  enzyme  activity  and/or  influence  its  recruitment  to  target  genes  in  vivo  [25-28], 
The  highly  collaborative  nature  of  the  PRC2  enzyme  complex,  with  multiple  partners  and 
inputs  needed  for  function,  is  a  key  feature  to  consider  in  developing  strategies  for  inhibition. 
That  is,  besides  the  catalytic  site  housed  within  the  EZH2  SET  domain,  there  are  potentially 
many  surfaces  and  binding  pockets  that  could  provide  useful  targets  for  binding  inhibitory 
molecules. 

A  common  biological  function  of  PRC2  is  transcriptional  silencing  of  differentiation  genes. 
Indeed,  the  role  of  PRC2  subunits  in  silencing  Drosophila  Hox  transcription  factors  has  long 
been  recognized  [29,30],  We  now  appreciate,  through  genome-wide  studies  (see  below),  that 
frequent  PRC2  targets  are  transcription  factors  and  signalling  components  with  key  roles  in  cell 
fate  decisions  in  a  wide  variety  of  organisms.  PRC2  and  H3-K27  methylation  are  also 
implicated  in  mammalian  X-chromosome  inactivation  [31]  and  the  C.  elegans  version  of  PRC2 
methylates  H3-K27  and  functions  in  germline  silencing  [32],  Plant  versions  of  PRC2  deposit 
K27  methylation  to  regulate  key  events  in  seed  and  flower  development  [33],  This  remarkable 
conservation  of  PRC2,  including  its  catalytic  EZH2  subunit,  indicates  an  ancient  strategy  for 
chromatin  silencing  that  deploys  H3-K27  methylation  as  a  repressive  mark.  Although  the 
underlying  mechanisms  remain  to  be  determined,  there  is  ample  evidence  that  disruption  of 
this  epigenetic  silencing  system  contributes  to  oncogenesis. 

3.  EZH2  overabundance  in  cancer  tissues 

Since  the  basic  discovery  that  EZH2  functions  as  a  chromatin-modifying  enzyme,  many 
reports  have  appeared  that  link  EZH2  to  the  altered  properties  of  cancer  cells.  The  common 
finding  is  that  EZH2  levels  are  abnormally  elevated  in  cancer  tissues  versus  corresponding 
normal  tissues,  with  the  highest  EZH2  levels  correlating  with  advanced  stages  of  disease  and 
poor  prognosis.  In  some  cases,  EZH2  overabundance  is  paralleled  by  amplification  of  the 
EZH2  gene.  Table  1  provides  a  compilation  of  studies  that  report  EZH2  overabundance  in 
tissue  samples  from  patients  with  different  types  of  cancer.  Among  these,  altered  EZH2  levels 
have  been  most  extensively  documented  in  prostate  and  breast  cancer.  The  functional 
consequences  of  EZH2  over-expression,  which  may  include  hypersilencing  of  genes  that 
promote  differentiation  and  restrain  proliferation,  are  discussed  in  Sections  4-6  below. 


3. 1  EZH2  in  prostate  cancer 
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One  of  the  earliest  reports  was  a  gene  profiling  study  where  EZH2  was  scored  as  the  most 
significant  gene  up-regulated  in  metastatic  prostate  cancer  compared  to  clinically  localized 
prostate  cancer  [34],  This  study  also  showed  that  loss  of  EZH2  inhibits  growth  of  prostate 
cancer  cells.  Similar  requirements  for  EZH2  in  proliferation  of  other  cell  types  have  been 
described  [35,36],  Significantly,  EZH2  over-expression  in  prostate  cell  lines  led  to  silencing  of 
a  discrete  set  of  >100  target  genes,  which  was  dependent  upon  an  intact  SET  domain  [34], 
Thus,  this  work  suggested  that  EZH2  overabundance  alters  the  genomic  expression  program 
through  chromatin  hypersilencing.  Statistical  analysis  also  revealed  that  EZH2  levels  could 
provide  a  valuable  prognostic  indicator  of  patient  outcome  [34]  and  subsequent  studies  have 
described  the  prognostic  value  of  combined  sets  of  prostate  markers  that  include  EZH2 
overabundance  [37,38],  More  recently,  a  Polycomb  repression  "signature",  consisting  of  a 
cohort  of  14  repressed  EZH2  target  genes,  has  been  described  as  a  tool  for  predicting  prostate 
and  breast  cancer  patient  outcomes  [39], 

3.2  EZH2  in  breast  cancer 

Analyses  of  patient  samples  significantly  correlates  abnormally  elevated  EZH2  levels  with 
invasiveness  and  increased  proliferation  rates  of  breast  carcinomas  [35,40-42],  These  studies 
also  emphasize  EZH2  as  a  prognostic  indicator  of  outcome  in  breast  cancer  patients  [40,42], 
reflecting  the  significant  association  of  high  EZH2  levels  with  aggressive  forms  of  the  disease. 
EZH2  accumulation  may  even  provide  an  early  molecular  marker  to  detect  precancerous 
changes  in  histologically  normal  mammary  tissue  [43],  To  address  cause-and -effect 
relationships  between  EZH2  function  and  oncogenesis,  the  consequences  of  engineered 
EZH2  over-expression  in  mammary  cells  have  been  examined.  These  studies  have  shown 
that  EZH2  over-abundance  in  breast  epithelial  cells  causes  anchorage-independent  growth 
and  increased  cell  invasiveness  in  vitro  [42]  and  EZH2  over-expressing  cells  are  tumorigenic 
when  injected  into  the  mammary  fat  pads  of  nude  mice  [44],  Another  study,  using  myeloma 
cells,  showed  that  the  oncogenic  properties  of  EZH2  in  mice  correlate  with  its  histone 
methyltransferase  activity  [36], 

3.3  Cancer  links  to  other  PRC2  subunits 

Less  is  known  about  cancer-associated  alterations  in  PRC2  subunits  besides  EZH2.  EED 
over-expression  in  human  cancers  has  not  been  widely  reported  and  the  studies  that  first 
documented  EZH2  over-expression  in  prostate  and  breast  cancer  revealed  unchanged  EED 
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levels  in  the  same  patient  samples  [34,42],  However,  elevated  abundance  of  a  particular  EED 


isoform,  EED2,  has  been  described  for  breast  and  colon  tumors  ([45];  see  below).  There  are 
also  examples  of  SUZ12  alterations  in  cancer  tissues  (Table  1)  including  over-expression  in 
colon,  breast  and  liver  tumors  [45-47],  In  addition,  SUZ12  (also  called  JJAZ1)  is  implicated  in 
endometrial  cancer  since  a  chromosome  rearrangement  creating  a  SUZ12  fusion  protein  is 
frequently  associated  with  endometrial  stromal  tumors  [48],  Finally,  over-expression  of  PCL3, 
which  is  a  homolog  of  the  PRC2-associated  protein,  PHF1  (Fig.  1A),  is  also  associated  with 
many  cancers  including  colon,  skin,  lung  and  liver  [49],  Since  consequences  of  EZH2 
overabundance  in  cancer  cells  are  still  emerging,  it  is  an  open  question  if  excessive  levels  of 
these  noncatalytic  partners  work  through  similar  mechanisms. 

4.  Collaboration  of  epigenetic  silencing  enzymes:  Functional  links  between  EZH2 
histone  methyltransferase,  DNA  methyltransferases,  and  histone  deacetylases 

4. 1  EZH2  links  to  DNA  methylation 

Polycomb  silencing  and  DNA  methylation  have  often  been  considered  biochemically 
independent  gene  silencing  systems.  In  agreement  with  this,  Drosophila  and  C.  elegans 
deploy  PRC2  and  H3-K27  methylation  in  silencing  yet  little  or  no  DNA  methylation  is  detected 
in  their  chromatin.  However,  recent  studies  in  human  cells,  showing  that  EZH2  and  DNA 
methyltransferases  (DNMTs)  are  physically  and  functionally  linked,  have  fundamentally  altered 
this  outlook  and  prompted  important  new  models  in  cancer  epigenetics.  The  key  initial  study 
[50]  showed  that  PRC2  subunits  (EZH2  and  EED)  co-immuneprecipitate  with  all  three  human 
DNMTs  and  that  silencing  of  certain  target  genes  requires  both  EZH2  and  DNMTs. 
Significantly,  RNAi  knockdown  in  osteosarcoma  cells  showed  that  EZH2  is  needed  for  DNMT 
binding  and  CpG  methylation  of  target  genes  but,  conversely,  DNMTs  are  not  needed  for 
EZH2  chromatin  association  [50],  These  data  suggest  a  pathway  where  EZH2  acts  upstream 
of  DNMTs  to  methylate  and  silence  target  chromatin  (Fig.  2).  It  is  not  yet  clear  if  DNMTs  are 
recruited  primarily  by  direct  EZH2  contact,  by  the  methyl-H3-K27  chromatin  mark,  and/or  by 
other  intermediary  factors.  The  observation  that  wild-type  EZH2,  but  not  a  mutant  lacking  the 
SET  domain,  could  recruit  DNMTs  [50]  implies  that  PRC2  catalytic  function  is  involved. 
However,  once  a  target  gene  becomes  densely  CpG  hypermethylated,  its  maintained  DNA 
methylation  and  silencing  may  no  longer  require  EZH2  [51]. 
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Subsequent  studies  expanded  the  EZH2-DNA  methylation  link  by  comparing  chromatin 
states  in  cancer  cells  versus  normal  cells  and  by  investigating  many  more  target  genes  [52- 
54],  These  gene  profile  comparisons  reveal  that  EZH2  target  genes,  which  display  Me-H3-K27 
in  normal  cells,  are  highly  correlated  with  genes  that  become  abnormally  hypermethylated  in 
cancer  cells.  Collectively,  these  studies  suggest  that  EZH2  pre-marks  certain  genes  to  later 
become  CpG  hypermethylated  during  cellular  transformation.  Thus,  genes  that  acquire  Me- 
H3-K27  during  normal  development  are  somehow  predisposed  for  DNA  hypermethylation  and 
conversion  to  "deep"  silencing  [7,52]  in  the  presence  of  oncogenic  cues.  These  cues 
presumably  include  abnormally  high  EZH2  levels  but  additional  factors  are  likely  involved. 

One  group  suggests  that  chromatin  modifications  on  H3-K9  may  also  contribute  during  this 
transition  [52],  Although  much  of  this  data  relies  on  genes  hypermethylated  in  colon  cancer, 
similar  findings  were  reported  for  other  tumor  types  including  prostate,  liver,  lung,  ovarian  and 
breast  [53,54],  A  recent  study  has  also  described  functional  connections  between  EZH2  and 
DNA  methylation  in  acute  promyelocytic  leukemia  [55], 

4.2  EZH2  links  to  histone  deacetylation 

Physical  and  functional  links  between  EZH2  and  histone  deacetylases  (HDACs;  [56,57]) 
predate  the  basic  discovery  that  PRC2  has  histone  methyltransferase  activity.  In  human  cells, 
PRC2  can  physically  associate  with  HDACs  1  and  2  [14,57]  and  PRC2-mediated 
transcriptional  silencing  is  impeded  by  the  HDAC  inhibitor  TSA  [34,57],  The  sum  of  the 
biochemical  data  suggests  that  HDACs  are  not  core  subunits  of  PRC2  [12-16]  but  transient 
interactions  likely  still  provide  functional  synergy  between  these  silencing  enzymes  in  vivo. 

The  precise  mechanisms  of  this  synergy  at  target  gene  chromatin  are  not  yet  clear.  As 
illustrated  in  Fig.  2,  HDACs  could  deacetylate  H3-K27  to  make  the  £-amino  group  available  for 
methylation  by  PRC2.  Alternatively,  HDACs  could  deacetylate  other  histone  lysines,  such  as 
H3-K9,  H3-K14  or  H4-K8,  to  adjust  the  local  histone  code  for  silencing.  Taken  together, 
functional  links  between  EZH2,  HDACs,  and  DNMTs  contribute  to  an  emerging  view  that  all 
three  types  of  epigenetic  silencing  machinery  contribute  to  abnormal  control  of  gene 
expression  in  cancer  cells. 

5.  Towards  deciphering  EZH2  mechanisms  in  cancer  cells 

Although  there  is  a  large  body  of  data  implicating  EZH2  in  cancers  of  many  types  (Table  1), 
relatively  little  is  known  about  molecular  mechanisms  of  altered  EZH2  function  in  cancer  cells. 
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It  is  important  to  fully  understand:  1 )  biochemical  changes  that  affect  PRC2  composition  and/or 
activity  in  cancer  cells,  2)  how  chromatin  states  and  expression  of  EZH2  target  genes  are 
altered  in  cancer  cells,  and  eventually  3)  how  this  altered  expression  profile  contributes  to 
oncogenesis.  Recent  progress  in  these  areas,  as  well  as  possible  cytoplasmic  EZH2  function, 
are  discussed  below.  Since  the  main  mechanistic  question  concerns  the  consequences  of 
EZH2  over-expression,  it  is  worth  emphasizing  that  there  is  normally  little  EZH2  in  adult 
differentiated  tissues  [34,35,42],  In  contrast  to  widespread  EZH2  roles  in  early  mouse 
development  [58,59],  post-embryonic  EZH2  expression  is  limited  [60,61],  Even  when  detected 
in  adult  tissues,  EZH2  is  concentrated  in  undifferentiated  progenitor  cell  populations,  such  as 
hematopoietic  cells  of  the  pro-B  lymphocyte  lineage  [62],  Thus,  EZH2  "over-expression"  in 
cancer  tissues  may  reflect  inappropriate  EZH2  accumulation  in  cell  types  that  normally  lack  it 
as  opposed  to  merely  adjusting  EZH2  levels  upwards  in  cells  where  it  normally  functions. 

5. 1  Altered  forms  of  PRC2  in  cancer  cells 

Different  forms  of  the  EZH2  complex  occur  in  human  cells,  which  are  distinguished  by  the 
particular  EED  subunit  included  [63],  Specifically,  there  are  four  EED  isoforms,  distinguished 
by  N-terminal  extensions  of  differing  lengths,  that  are  produced  from  alternative  translation 
start  sites  [63],  Canonical  PRC2  complexes  contain  the  longest  EED  isoform,  called  EED1, 
whereas  PRC3  and  PRC4  contain  the  shorter  EED  isoforms.  Significantly,  the  PRC4  variant 
of  the  histone  methyltransferase  complex  is  selectively  enriched  in  cancer  cells  versus  normal 
cells  and  PRC4  assembly  is  favored  when  EZH2  is  over-expressed  in  a  cell  line  [45],  PRC4 
differs  biochemically  from  the  other  EZH2  complexes  in  several  ways:  1 )  it  contains  the  second 
largest  EED  isoform,  EED2,  2)  it  also  contains  the  NAD-dependent  histone  deacetylase,  SirTI, 
and  3)  it  prefers  to  methylate  histone  H1-K26  rather  than  H3-K27.  Since  SirT  1  can  deacetylate 
H1-K26,  its  role  in  PRC4  may  be  to  prepare  this  HI  residue  for  methylation  [45],  This  study 
raises  the  key  prospect  that  PRC2  is  compositionally  and  functionally  reconfigured  in  a  cancer- 
specific  context.  Furthermore,  the  results  suggest  that  HI  methylation,  rather  than  H3,  might 
be  a  critical  EZH2-sponsored  modification  in  cancer  cells.  However,  little  is  yet  known  about  in 
vivo  functions  of  H1-K26  methylation  and  an  independent  study  using  recombinant  EZH2 
complexes  failed  to  detect  HI  methylation  when  EED  isoforms  were  varied  [64],  Additional 
studies  on  a  wide  array  of  tumor  samples  will  be  needed  to  assess  if  H1-K26  methylation 
and/or  EED2  over-abundance  are  commonly  observed  during  cancer  progression.  Intriguingly, 
a  recent  study  finds  that  trimethyl-H3-K27  levels  are  decreased  in  breast,  ovarian  and 


9 


pancreatic  cancer  samples  [65],  which  could  reflect  a  shift  in  lysine  substrate  preference.  The 
idea  that  cancer  cells  might  preferentially  deploy  an  altered  form  of  PRC2  is  clinically  important 
because  cancer-specific  subunits  or  interactions  could  provide  targets  for  specifically  inhibiting 
aberrant  PRC2  functions  without  adversely  affecting  normal  roles. 

5.2  Altered  expression  of  EZH2  target  genes:  obligate  silencing? 

The  predominant  current  view  is  that  EZH2  functions  in  cancer  as  a  dedicated 
transcriptional  repressor  that  hypersilences  an  array  of  target  genes,  including  tumor 
suppressor  genes.  This  view  is  supported  by  the  cohort  of  PRC2-repressed  genes  linked  to 
poor  outcome  in  prostate  cancer  patients  [39]  and  the  coincidence  of  EZH2  target  genes  and 
genes  hypersilenced  by  DNA  methylation  in  cancer,  as  discussed  above  [52-54],  Moreover, 
genome-wide  studies  revealed  that  only  a  very  small  percentage  (<1%  in  F9  teratocarcinoma 
cells)  of  genes  are  simultaneously  bound  by  PRC2  and  RNA  polymerase  II  [66,67],  which  also 
implies  nearly  universal  PRC2  silencing.  However,  studies  of  EZH2  in  other  contexts  have 
yielded  occasional  evidence  for  roles  in  target  gene  activation.  Although  the  majority  of 
responding  genes  were  up-regulated  after  PRC2  knockdown  in  colon  cancer  cells,  a 
substantial  minority  were  down-regulated,  including  some  direct  PRC2  targets  [46],  In  human 
fibroblasts,  PRC2  subunits  were  required  for  expression  rather  than  silencing  of  proliferation 
genes  [35]  and  a  role  for  PRC2  in  activating  certain  target  genes  in  mouse  ES  cells  has  been 
considered  [68],  Moreover,  a  recent  report  describes  EZH2  as  an  activator  of  cell  cycle  control 
genes  in  breast  cancer  cells  [69]  and  this  activator  function  appears  independent  of  the  SET 
domain. 

These  varying  results  emphasize  that  basic  transcriptional  mechanisms  of  EZH2  in  cancer 
remain  an  open  question.  Although  most  evidence  favors  a  predominant  EZH2  role  in 
silencing,  further  work  is  needed  to  address  alternatives.  Indeed,  a  potential  dual  role  for  the 
Drosophila  version  of  EZH2  in  silencing  and  activation  has  long  been  considered  [70,71], 

A  related  issue  concerns  just  what  happens  when  excess  EZH2  accumulates  in  a  cancer 
cell.  The  simplest  view  might  be  that  it  assembles  to  create  abnormally  high  levels  of  PRC2, 
which  then  hypermethylates  H3-K27  and  hypersilences  target  genes.  This  outcome  assumes 
that  SUZ12  and  EED  are  present  in  sufficient  quantities  to  partner  with  the  extra  EZH2. 
Alternatively,  an  imbalance  of  PRC2  subunits  could  lead  to  accumulation  of  unassembled 
EZH2  or  trigger  production  of  aberrant  PRC2  subcomplexes.  Since  EZH2  enzyme  function 
requires  assembly  with  its  partners,  free  EZH2  or  catalytically  inactive  subcomplexes  could  act 
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as  dominant-negatives  that  desilence  rather  than  hypersilence  target  genes.  Thus,  like  the 
PRC2  isoforms  described  above  [45],  it  is  important  to  address  if  and  how  shifts  in  PRC2 
subunit  stoichiometries  might  impact  target  gene  responses  in  cancer  cells. 

5.3  EZH2  recruitment  to  target  genes 

Since  none  of  the  PRC2  subunits  are  sequence-specific  DNA-binding  proteins,  it  is  not 
known  how  EZH2  histone  methyltransferase  is  recruited  to  target  genes.  In  Drosophila, 
Polycomb  response  elements  (PREs)  have  been  delimited  using  reporter  assays  and  several 
DNA-binding  proteins  are  implicated  in  recruiting  PRC2  (reviewed  in  [72]).  However, 
mammalian  PREs  have  yet  to  be  precisely  defined.  A  good  candidate  for  a  mammalian  PRC2- 
targeting  factor  is  YY1,  whose  Drosophila  homolog,  pleiohomeotic  (PHO),  is  the  best- 
characterized  recruiter  of  PRC2  in  flies  [73],  Indeed,  YY1  is  needed  for  H3-K27  methylation  of 
target  genes  in  muscle  cells  [74],  However,  this  role  may  be  cell-type  specific  as  there  is  little 
overlap  between  YY1  targets  and  PRC2  targets  in  mouse  ES  cells  [66],  Instead,  Oct4  has 
been  implicated  in  PRC2  targeting  in  ES  cells  ([66,75];  see  below).  Another  study,  using 
promyelocytic  leukemia  cells,  shows  that  PRC2  can  be  recruited  to  target  loci  through 
interaction  with  the  PML-RARa  fusion  protein  but  not  with  wild-type  RARa  [55],  Finally,  a  long 
non-coding  RNA  has  been  implicated  in  targeting  PRC2  to  the  human  HoxD  cluster  [76],  More 
work  is  needed  to  define  sequence  elements  and  mechanisms  that  recruit  PRC2  to  target  loci 
in  mammals.  Taken  together,  the  current  data  suggest  that  recruitment  factors  are  likely  to 
vary  in  different  cell  types  and  contexts. 

5.4  EZH2  silencing  and  partnership  with  PRC1 

Numerous  studies  have  established  that  PRC2  histone  methyltransferase  frequently 
partners  with  another  Polycomb  complex,  called  PRC1,  to  achieve  silencing  in  many  systems 
([8,77]  for  reviews).  This  partnership  in  human  cells  is  supported  by  genome-wide  mapping, 
which  reveals  frequent  co-occupancy  of  target  genes  by  both  PRC2  and  PRC1  [78,79],  The 
core  subunits  of  human  PRC1  are  Polycomb  (PC),  polyhomeotic  (PH),  the  oncoprotein  BM 1-1 , 
and  RING1 ,  with  the  precise  composition  varying  due  to  alternative  subunit  family  members 
[80],  The  chromodomain  of  the  PC  subunit  can  bind  to  tri-methyl-H3-K27  [81],  which  has 
inspired  models  wherein  PRC1  is  recruited  to  target  chromatin  by  affinity  for  the  methyl  mark 
deposited  by  PRC2  [12].  In  support  of  this  idea,  studies  in  both  human  cells  and  Drosophila 
have  found  that  PRC2  function  is  needed  for  PRC1  recruitment  to  target  genes  [15,78],  Other 
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models  suggest  that  PRC1  interaction  with  K27-methylated  nucleosomes  is  primarily  to  form 
intralocus  chromatin  loops  that  contribute  to  further  histone  modifications  and  silencing  [72,77], 
Despite  these  variations,  it  is  worth  emphasizing  that  PRC1  is  commonly  viewed  as  the  direct 
executor  of  Polycomb  silencing  at  many  target  genes.  The  actual  Polycomb  silencing 
mechanism(s),  which  may  include  blocks  to  nucleosome  remodelling  [80],  chromatin 
compaction  [82],  histone  H2A  ubiquitylation  [83]  and/or  blocks  to  transcription  elongation  [84- 
86]  remain  to  be  fully  elucidated.  More  work  is  also  needed  to  determine  if  the  output  of 
abnormal  EZH2  function  in  cancer  cells  depends  upon  or  is  independent  of  PRC1  partnership. 
As  illustrated  in  Fig.  2,  (see  also  [7]),  a  PRC1 -independent  mechanism  could  feature  PRC2- 
mediated  histone  methylation  leading  to  permanent  silencing  by  CpG  DNA  methylation. 

5.5  EZH2  function  at  the  actin  cytoskeleton 

Although  the  vast  majority  of  work  on  EZH2  is  focused  on  chromatin  regulation,  EZH2, 
SU(Z)12  and  EED  are  also  detected  in  the  cytoplasm  of  mouse  and  human  cells  and  the 
methyltransferase  is  implicated  in  controlling  actin  polymerization  in  response  to  cell  signalling 
[87],  Correspondingly,  EZH2  overabundance  could  affect  cytoskeletal-based  behaviors  such 
as  migration  and  invasion  of  cancer  cells.  Indeed,  recent  reports  indicate  that  EZH2  over¬ 
accumulation  in  prostate  cancer  cell  nuclei  is  paralleled  by  cytoplasmic  overabundance  and 
knockdown  suggests  that  EZH2  influences  invasiveness  and  F-actin  polymerization  in  these 
cells  [88,89],  Thus,  nuclear  and  cytoplasmic  functions  could  both  contribute  to  EZH2-mediated 
alterations  in  cancer  cells. 

6.  EZH2  functions  in  stem  cell  biology:  connections  to  cancer 

6. 1  Differentiation  gene  silencing  in  stem  cell  maintenance 

Genome-wide  searches  for  PRC2  target  genes  have  been  performed  by  chromatin 
immuneprecipitation  of  EZH2  or  SUZ12  coupled  to  genomic  microarray  hybridizations  (ChlP- 
on-Chip).  The  first  of  these  ChIP-on-Chip  studies  identified  PRC2  target  genes  in  colon  cancer 
cells  [46]  and  subsequent  genome-wide  searches  have  been  conducted  in  human  embryo 
fibroblasts  [79],  breast  cancer  cells  [66],  and  both  mouse  and  human  embryonic  stem  cells 
[66,67,78],  A  fundamental  finding  from  these  studies  is  that  PRC2  target  genes  are  highly 
enriched  for  transcription  factors  and  signalling  components  that  control  cell  differentiation. 

This  preferential  PRC2  role  in  developmental  networks  is  also  evident  from  genome-wide 
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searches  in  Drosophila  [90-92],  Thus,  the  originally  defined  function  of  fly  Polycomb  proteins 
as  silencers  of  Hox  differentiation  factors  [93]  has  been  expanded  to  include  dozens  of  other 
differentiation  factor  targets  such  as  members  of  the  Gata,  Sox,  Fox,  Pou  and  Pax 
transcription  factor  families  and  components  in  Wnt,  TGF-li,  Notch,  FGF  and  retinoic  acid 
signalling  [67,78,79],  Although  these  myriad  factors  function  in  many  different  tissues 
including  neuronal,  bone,  muscle,  blood  and  skin,  a  common  role  is  in  converting  stem  cell-like 
progenitors  into  more  differentiated  cell  types  within  these  and  other  lineages. 

The  analysis  of  PRC2  distribution  and  function  in  embryonic  stem  (ES)  cells  is  particularly 
striking  and  informative  [67,78],  Three  transcription  factors,  Oct4,  Sox2  and  Nanog,  play  critical 
roles  in  programming  ES  cell  gene  expression  to  maintain  pluripotency  [94],  In  general,  these 
factors  promote  expression  of  proliferation  genes  and  they  silence  differentiation  genes.  The 
very  high  correspondence  between  silenced  genes  bound  by  these  three  factors  with  those 
that  also  bind  PRC2  [67,78]  suggests  that  PRC2  is  a  key  corepressor  in  ES  cells.  Indeed,  loss 
of  PRC2  derepresses  ES  cell  differentiation  genes  [67,78]  and  knockdown  of  Oct4  disrupts 
PRC2  association  with  target  genes  [66,75],  Thus,  PRC2  is  implicated  in  ES  cell  self-renewal 
as  an  inhibitor  of  the  differentiation  program.  This  role  could  explain  why  ES  cell  lines  cannot 
be  derived  from  null  EZH2  mouse  embryos  [59],  A  similar  PRC2  role  is  envisioned  in 
progenitor  cell  types  such  as  multipotential  neuronal  or  hematopoietic  cells;  although  the  target 
genes  vary  in  different  lineages,  the  common  function  would  be  stem  cell  maintenance  via 
PRC2  silencing  of  differentiation  genes.  Recent  studies  show  that  differentiation  gene 
silencing  in  mouse  ES  cells  also  requires  the  PRC1  subunit,  RING1  [75,95],  which  suggests 
that  stem  cell  maintenance  requires  PRC2/PRC1  collaboration  as  seen  in  other  examples  of 
PcG  silencing  [8,77], 

Intriguingly,  the  PRC2  reaction  product,  methyl-H3-K27,  is  part  of  a  specialized  chromatin 
state,  termed  a  "bivalent  domain,"  that  marks  the  silenced  ES  cell  differentiation  genes  [96], 
This  state  features  nucleosomes  methylated  on  histone  H3-K4  encompassed  by  larger 
expanses  of  chromatin  bearing  methylated  H3-K27.  Their  simultaneous  accumulation  is 
unusual  since  methylated  H3-K4  generally  promotes  activation  whereas  methylated  H3-K27 
leads  to  silencing.  In  this  case,  methyl-H3-K27  appears  to  "win  out"  since  target  genes  in  this 
state  remain  off.  These  bivalent  domains  could  provide  a  sensitized  state  whereby  crucial 
differentiation  genes  are  kept  silent  but  nevertheless  poised  for  rapid  activation  in  response  to 
differentiation  stimuli.  For  example,  erasure  of  H3-K27  methylation  by  lysine-specific 
demethylases  [97,98]  could  resolve  bivalent  domains  to  trigger  gene  activation. 
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6.2  EZH2,  stem  cell  properties,  and  cancer 

The  many  parallels  between  stem  cells  and  tumor  cells,  including  high  proliferation  rates 
and  differentiation  capacity,  have  prompted  hypotheses  that  undifferentiated  or  dedifferentiated 
precursor  cells  may  play  key  roles  in  oncogenesis.  Growing  evidence  in  favor  of  this  "stem  cell 
origin  of  cancer"  hypothesis  has  been  extensively  reviewed  [99-102],  In  this  context,  the  role 
of  EZH2  in  promoting  self-renewal  and  impeding  differentiation  of  ES  cells  suggests  potentially 
similar  roles  during  cancer  progression.  In  molecular  terms,  tumor  suppressor  genes  may 
resemble  stem  cell  differentiation  genes  by  featuring  flexible  chromatin  states  that  are  initially 
"transcription-ready"  [52],  During  oncogenesis,  this  plastic  state  could  progress  to  permanent 
silencing,  for  example  by  further  acquisition  of  DNA  methylation  [52-54],  The  trigger  for  this 
proposed  chromatin  transition  is  not  known  but  presumbly  involves  EZH2  over-expression. 
Since  there  is  normally  little  EZH2  in  differentiated  adult  tissues,  EZH2  overabundance  could 
shift  expression  profiles  to  promote  a  return  to  or  reinforcement  of  a  stem-cell  like  state. 
Remarkably,  a  direct  link  between  poorly  differentiated  human  tumors  and  the  ES  cell  state  is 
provided  by  a  shared  gene  expression  signature  defined  in  part  by  PRC2  target  genes  and 
Oct4/Sox2/Nanog  target  genes  [103],  Clearly,  the  pace  of  discovery  at  the  intersection 
between  stem  cell  biology,  chromatin,  and  cancer  epigenetics  is  accelerating.  These  rapidly 
expanding  topics  are  nicely  integrated  in  these  recent  review  articles  [7,1 1], 

7.  Towards  epigenetic  therapy  including  EZH2  blockade 

The  epigenetic  silencing  of  tumor  suppressor  genes  in  cancer  has  inspired  potential 
therapeutic  strategies  that  use  inhibitors  of  epigenetic  enzymes  ([4,104,105]  for  reviews).  A 
goal  of  epigenetic  therapy  is  to  achieve  pharmacological  reactivation  of  abnormally  silenced 
genes  in  cancer  patients,  which  could  arrest  or  even  reverse  processes  contributing  to 
tumorigenesis.  There  are  many  inhibitors  available  that  target  either  DNMTs  or  HDACs  and 
clinical  trials  are  underway  to  assess  these  [104-108],  Since  epigenetic  enzymes  often 
synergize  in  vivo,  as  discussed  above,  there  is  also  great  interest  in  testing  combined  inhibitor 
treatments  that  target  more  than  one  epigenetic  enzyme.  In  cell  and  animal  models, 
simultaneous  disruption  of  DNMTs  and  HDACs  has  produced  encouraging  results  on  gene 
reactivation  (reviewed  in  [4]).  One  of  the  principles  to  emerge  is  that  DNA  methylation  appears 
to  dominate  silencing,  such  that  sequential  treatment  with  DNMT  inhibitor  followed  by  HDAC 
inhibitor  is  preferred  for  optimal  gene  reactivation  [109,1 10],  Some  early  clinical  trials  are 
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beginning  to  test  efficacies  of  combined  DNMT/HDAC  inhibitors  in  leukemia  patients  [107], 
with  at  least  one  study  reporting  reversal  of  DNA  methylation  and  hematological  improvement 
[111]. 

Similar  to  DNMTs  and  HDACs,  EZH2  histone  methyltransferase  has  emerged  as  a  key 
target  in  potential  epigenetic  strategies.  However,  specific  inhibitors  of  EZH2  histone 
methyltransferase  have  not  yet  been  described.  Although  small  molecule  inhibitors  of  other 
histone  methyltransferases  are  emerging  [112],  the  most  encouraging  inhibitory  agent  of  PRC2 
reported  so  far  is  deazaneplanocin  A  (DZNep),  which  works  through  an  indirect  mechanism 

[113] .  DZNep  is  an  S-adenosylhomocysteine  (Ado-Hcy)  hydrolase  inhibitor;  it  causes  Ado-Hcy 
levels  to  rise,  which  blocks  S-adenosylmethinone-dependent  methyltransferases  through  by¬ 
product  inhibition.  Importantly,  DZNep  can  deplete  PRC2  subunits  in  breast  cancer  cell  lines 
and  reactivate  PRC2-silenced  genes  [1 13].  However,  since  this  type  of  inhibitor  may  affect 
many  processes  that  require  methyl  transfer,  there  are  concerns  about  its  specificity  as  a 
potential  therapeutic.  Alternative  strategies  for  designing  specific  PRC2  inhibitors  would 
include  targeting  the  EZH2  active  site  and/or  surfaces  for  key  subunit  interactions.  A  recent 
report  provides  structural  data  on  the  interface  that  mediates  EZH2-EED  interaction  in  PRC2 

[1 14] .  A  high-resolution  structure  for  the  EZH2  SET  domain,  which  houses  the 
methyltransferase  active  site,  would  profoundly  influence  design  of  small  molecule  inhibitors 
specific  for  PRC2.  The  availability  of  these  histone  methyltransferase  inhibitors  should  expand 
the  repertoire  of  new  possibilities  in  combined  epigenetic  therapy. 
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Figure  Legends 

Figure  1 .  Composition  of  PRC2  and  domain  organization  of  EZH2.  A)  The  four  core  subunits 
of  human  PRC2  are  EZH2,  EED,  SUZ12  and  RbAp48  [14,15]  and  the  corresponding 
homologous  subunits  in  fly  PRC2  are  E(Z),  ESC,  SU(Z)12  and  NURF55  [13,16],  EZH2/E(Z)  is 
the  catalytic  subunit  that  contains  a  SET  domain.  PHF1/PCL  is  another  Polycomb  protein  that 
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can  associate  with  PRC2  to  influence  its  activity  and/or  targeting  [25-28],  B)  Five  functional 
domains  in  EZH2/E(Z)  are  depicted,  with  %  identities  between  the  human  and  fly  versions 
indicated.  The  SET  domain  houses  the  histone  methyltransferase  active  site  and  the  CXC 
domain  also  contributes  to  activity.  Robust  methyltransferase  requires  EZH2  assembly  with 
both  EED/ESC  and  SUZ12,  and  domains  required  for  binding  these  noncatalytic  subunits  are 
indicated  [20-22,114], 

Figure  2.  Model  for  collaboration  of  epigenetic  silencing  enzymes.  Target  genes  are  initially 
silenced  through  histone  H3-K27  methylation  by  PRC2.  If  K27  is  pre-acetylated,  then 
methylation  of  this  residue  may  first  require  deacetylation  by  a  histone  deacetylase  (HDAC), 
which  are  known  to  interact  with  PRC2  [14,57],  PRC2  may  also  recruit  DNA 
methyltransferases  (DNMTs)  [50]  which  methylate  CpG  DNA  of  target  genes,  leading  to  a 
more  permanently  or  deeply  silenced  chromatin  state  [52-54],  These  chromatin  modifications 
encompass  many  nucleosomes  and  CpG  elements  per  target  gene;  for  simplicity,  only  a  single 
nucleosome  and  CpG  element  in  an  upstream  regulatory  region  are  shown.  "Ac"  denotes 
acetylation  and  "Me"  denotes  methylation. 


References 

[1]  P.A.  Jones  and  S.B.  Baylin  The  fundamental  role  of  epigenetic  events  in  cancer,  Nat  Rev  Genet 
3  (2002)  415-428. 

[2]  T.J.  Moss  and  L.L.  Wallrath  Connections  between  epigenetic  gene  silencing  and  human  disease, 
Mutat  Res  618  (2007)  163-174. 

[3]  P.A.  Jones  and  P.W.  Laird  Cancer  epigenetics  comes  of  age,  Nat  Genet  21  (1999)  163-167. 

[4]  G.  Egger,  G.  Liang,  A.  Aparicio  and  P.A.  Jones  Epigenetics  in  human  disease  and  prospects  for 
epigenetic  therapy,  Nature  429  (2004)  457-463. 

[5]  S.B.  Baylin  and  J.E.  Ohm  Epigenetic  gene  silencing  in  cancer  -  a  mechanism  for  early  oncogenic 
pathway  addiction?,  Nat  Rev  Cancer  6  (2006)  107-116. 

[6]  P.W.  Laird  The  power  and  the  promise  of  DNA  methylation  markers,  Nat  Rev  Cancer  3  (2003) 
253-266. 

[7]  A.H.  Ting,  K.M.  McGarvey  and  S.B.  Baylin  The  cancer  epigenome— components  and  functional 
correlates,  Genes  Dev  20  (2006)  3215-3231. 

[8]  A.  Sparmann  and  M.  van  Lohuizen  Polycomb  silencers  control  cell  fate,  development  and 
cancer,  Nat  Rev  Cancer  6  (2006)  846-856. 

[9]  M.F.  Fraga,  E.  Ballestar,  A.  Villar-Garea,  M.  Boix-Chornet,  J.  Espada,  G.  Schotta,  T.  Bonaldi,  C. 
Haydon,  S.  Ropero,  K.  Petrie,  N.G.  Iyer,  A.  Perez-Rosado,  E.  Calvo,  J.A.  Lopez,  A.  Cano,  M.J. 
Calasanz,  D.  Colomer,  M.A.  Piris,  N.  Ahn,  A.  Imhof,  C.  Caldas,  T.  Jenuwein  and  M.  Esteller 
Loss  of  acetylation  at  Lysl6  and  trimethylation  at  Lys20  of  histone  H4  is  a  common  hallmark  of 
human  cancer,  Nat  Genet  37  (2005)  391-400. 


16 


[10]  D.B.  Seligson,  S.  Horvath,  T.  Shi,  H.  Yu,  S.  Tze,  M.  Grunstein  and  S.K.  Kurdistani  Global 
histone  modification  patterns  predict  risk  of  prostate  cancer  recurrence.  Nature  435  (2005)  1262- 
1266. 

[11]  A.P.  Feinberg,  R.  Ohlsson  and  S.  Henikoff  The  epigenetic  progenitor  origin  of  human  cancer, 
Nat  Rev  Genet  7  (2006)  21-33. 

[12]  R.  Cao  and  Y.  Zhang  The  functions  of  E(Z)/EZH2-mediated  methylation  of  lysine  27  in  histone 
H3,  Curr  Opin  Genet  Dev  14  (2004)  155-164. 

[13]  J.  Muller,  C.M.  Hart,  N.J.  Francis,  M.L.  Vargas,  A.  Sengupta,  B.  Wild,  E.L.  Miller,  M.B. 
O'Connor,  R.E.  Kingston  and  J.A.  Simon  Histone  methyltransferase  activity  of  a  Drosophila 
Polycomb  group  repressor  complex,  Cell  111  (2002)  197-208. 

[14]  A.  Kuzmichev,  K.  Nishioka,  H.  Erdjument-Bromage,  P.  Tempst  and  D.  Reinberg  Histone 
methyltransferase  activity  associated  with  a  human  multiprotein  complex  containing  the 
Enhancer  of  Zeste  protein,  Genes  Dev  16  (2002)  2893-2905. 

[15]  R.  Cao,  L.  Wang,  H.  Wang,  L.  Xia,  H.  Erdjument-Bromage,  P.  Tempst,  R.S.  Jones  and  Y.  Zhang 
Role  of  histone  H3  lysine  27  methylation  in  Polycomb-group  silencing.  Science  298  (2002) 
1039-1043. 

[16]  B.  Czermin,  R.  Melfi,  D.  McCabe,  V.  Seitz,  A.  Imhof  and  V.  Pirrotta  Drosophila  enhancer  of 
Zeste/ESC  complexes  have  a  histone  H3  methyltransferase  activity  that  marks  chromosomal 
Polycomb  sites,  Cell  111  (2002)  185-196. 

[17]  S.  Rea,  F.  Eisenhaber,  D.  O'Carroll,  B.D.  Strahl,  Z.W.  Sun,  M.  Schmid,  S.  Opravil,  K.  Mechtler, 
C.P.  Ponting,  C.D.  Allis  and  T.  Jenuwein  Regulation  of  chromatin  structure  by  site-specific 
histone  H3  methyltransferases,  Nature  406  (2000)  593-599. 

[18]  X.  Cheng  and  X.  Zhang  Structural  dynamics  of  protein  lysine  methylation  and  demethylation, 
Mutat  Res  618  (2007)  102-115. 

[19]  S.C.  Dillon,  X.  Zhang,  R.C.  Trievel  and  X.  Cheng  The  SET-domain  protein  superfamily:  protein 
lysine  methyltransferases,  Genome  Biol  6  (2005)  227. 

[20]  C.S.  Ketel,  E.F.  Andersen,  M.L.  Vargas,  J.  Suh,  S.  Strome  and  J.A.  Simon  Subunit  contributions 
to  histone  methyltransferase  activities  of  fly  and  worm  polycomb  group  complexes,  Mol  Cell 
Biol  25  (2005)  6857-6868. 

[21]  R.  Cao  and  Y.  Zhang  SUZ12  is  required  for  both  the  histone  methyltransferase  activity  and  the 
silencing  function  of  the  EED-EZH2  complex,  Mol  Cell  15  (2004)  57-67. 

[22]  D.  Pasini,  A.P.  Bracken,  M.R.  Jensen,  E.  Lazzerini  Denchi  and  K.  Helin  Suzl2  is  essential  for 
mouse  development  and  for  EZH2  histone  methyltransferase  activity,  EMBO  J  23  (2004)  4061- 
4071. 

[23]  M.  Nekrasov,  B.  Wild  and  J.  Muller  Nucleosome  binding  and  histone  methyltransferase  activity 
of  Drosophila  PRC2,  EMBO  Rep.  6  (2005)  348-353. 

[24]  N.D.  Montgomery,  D.  Yee,  A.  Chen,  S.  Kalantry,  S.J.  Chamberlain,  A.P.  Otte  and  T.  Magnuson 
The  murine  polycomb  group  protein  Eed  is  required  for  global  histone  H3  lysine-27  methylation, 
Curr  Biol  15  (2005)  942-947. 

[25]  M.  Nekrasov,  T.  Klymenko,  S.  Fraterman,  B.  Papp,  K.  Oktaba,  T.  Kocher,  A.  Cohen,  H.G. 
Stunnenberg,  M.  Wilm  and  J.  Muller  Pcl-PRC2  is  needed  to  generate  high  levels  of  H3-K27 
trimethylation  at  Polycomb  target  genes,  EMBO  J  26  (2007)  4078-4088. 

[26]  U.  Savla,  J.  Benes,  J.  Zhang  and  R.S.  Jones  Recruitment  of  Drosophila  Polycomb-group  proteins 
by  Polycomblike,  a  component  of  a  novel  protein  complex  in  larvae,  Development  (2008). 

[27]  K.  Sarma,  R.  Margueron,  A.  Ivanov,  V.  Pirrotta  and  D.  Reinberg  Ezh2  requires  PHF1  to 
efficiently  catalyze  H3  lysine  27  trimethylation  in  vivo.  Mol  Cell  Biol  28  (2008)  2718-2731. 

[28]  R.  Cao,  H.  Wang,  J.  He,  H.  Erdjument-Bromage,  P.  Tempst  and  Y.  Zhang  Role  of  hPHFl  in 
H3K27  methylation  and  Hox  gene  silencing,  Mol  Cell  Biol  28  (2008)  1862-1872. 


17 

[29]  R.S.  Jones  and  W.M.  Gelbart  Genetic  analysis  of  the  enhancer  of  zeste  locus  and  its  role  in  gene 
regulation  in  Drosophila  melanogaster,  Genetics  126  (1990)  185-199. 

[30]  G.  Struhl  A  gene  product  required  for  correct  initiation  of  segmental  determination  in 
Drosophila ,  Nature  293  (1981)  36-41. 

[31]  E.  Heard  Delving  into  the  diversity  of  facultative  heterochromatin:  the  epigenetics  of  the  inactive 
X  chromosome,  Curr  Opin  Genet  Dev  15  (2005)  482-489. 

[32]  L.B.  Bender,  R.  Cao,  Y.  Zhang  and  S.  Strome  The  MES-2/MES-3/MES-6  complex  and 
regulation  of  histone  H3  methylation  in  C.  elegans,  Curr  Biol  14  (2004)  1639-1643. 

[33]  S.  Pien  and  U.  Grossniklaus  Polycomb  group  and  trithorax  group  proteins  in  Arabidopsis, 
Biochim  Biophys  Acta  1769  (2007)  375-382. 

[34]  S.  Varambally,  S.M.  Dhanasekaran,  M.  Zhou,  T.R.  Barrette,  C.  Kumar-Sinha,  M.G.  Sanda,  D. 
Ghosh,  K.J.  Pienta,  R.G.  Sewalt,  A.P.  Otte,  M.A.  Rubin  and  A.M.  Chinnaiyan  The  polycomb 
group  protein  EZH2  is  involved  in  progression  of  prostate  cancer,  Nature  419  (2002)  624-629. 

[35]  A.P.  Bracken,  D.  Pasini,  M.  Capra,  E.  Prosperini,  E.  Colli  and  K.  Helin  EZH2  is  downstream  of 
the  pRB-E2F  pathway,  essential  for  proliferation  and  amplified  in  cancer,  EMBO  J  22  (2003) 
5323-5335. 

[36]  P.A.  Croonquist  and  B.  Van  Ness  The  polycomb  group  protein  enhancer  of  zeste  homolog  2 
(EZH  2)  is  an  oncogene  that  influences  myeloma  cell  growth  and  the  mutant  ras  phenotype, 
Oncogene  24  (2005)  6269-6280. 

[37]  D.R.  Rhodes,  M.G.  Sanda,  A.P.  Otte,  A.M.  Chinnaiyan  and  M.A.  Rubin  Multiplex  biomarker 
approach  for  determining  risk  of  prostate- specific  antigen-defined  recurrence  of  prostate  cancer, 

J  Natl  Cancer  Inst  95  (2003)  661-668. 

[38]  O.R.  Saramaki,  T.L.  Tammela,  P.M.  Martikainen,  R.L.  Vessella  and  T.  Visakorpi  The  gene  for 
polycomb  group  protein  enhancer  of  zeste  homolog  2  (EZH2)  is  amplified  in  late- stage  prostate 
cancer,  Genes  Chromosomes  Cancer  45  (2006)  639-645. 

[39]  J.  Yu,  D.R.  Rhodes,  S.A.  Tomlins,  X.  Cao,  G.  Chen,  R.  Mehra,  X.  Wang,  D.  Ghosh,  R.B.  Shah, 
S.  Varambally,  K.J.  Pienta  and  A.M.  Chinnaiyan  A  polycomb  repression  signature  in  metastatic 
prostate  cancer  predicts  cancer  outcome,  Cancer  Res  67  (2007)  10657-10663. 

[40]  K.  Collett,  G.E.  Eide,  J.  Arnes,  I.M.  Stefansson,  J.  Eide,  A.  Braaten,  T.  Aas,  A.P.  Otte  and  L.A. 
Akslen  Expression  of  enhancer  of  zeste  homologue  2  is  significantly  associated  with  increased 
tumor  cell  proliferation  and  is  a  marker  of  aggressive  breast  cancer,  Clin  Cancer  Res  12  (2006) 
1168-1174. 

[41]  I.M.  Bachmann,  O.J.  Halvorsen,  K.  Collett,  I.M.  Stefansson,  O.  Straume,  S.A.  Haukaas,  H.B. 
Salvesen,  A.P.  Otte  and  L.A.  Akslen  EZH2  expression  is  associated  with  high  proliferation  rate 
and  aggressive  tumor  subgroups  in  cutaneous  melanoma  and  cancers  of  the  endometrium, 
prostate,  and  breast,  J  Clin  Oncol  24  (2006)  268-273. 

[42]  C.G.  Kleer,  Q.  Cao,  S.  Varambally,  R.  Shen,  I.  Ota,  S.A.  Tomlins,  D.  Ghosh,  R.G.  Sewalt,  A.P. 
Otte,  D.F.  Hayes,  M.S.  Sabel,  D.  Livant,  S.J.  Weiss,  M.A.  Rubin  and  A.M.  Chinnaiyan  EZH2  is 
a  marker  of  aggressive  breast  cancer  and  promotes  neoplastic  transformation  of  breast  epithelial 
cells,  Proc  Natl  Acad  Sci  U  S  A  100  (2003)  11606-11611. 

[43]  L.  Ding,  C.  Erdmann,  A.M.  Chinnaiyan,  S.D.  Merajver  and  C.G.  Kleer  Identification  of  EZH2  as 
a  molecular  marker  for  a  precancerous  state  in  morphologically  normal  breast  tissues,  Cancer 
Res  66  (2006)  4095-4099. 

[44]  T.L.  Cha,  B.P.  Zhou,  W.  Xia,  Y.  Wu,  C.C.  Yang,  C.T.  Chen,  B.  Ping,  A.P.  Otte  and  M.C.  Hung 
Akt-mediated  phosphorylation  of  EZH2  suppresses  methylation  of  lysine  27  in  histone  H3, 
Science  310  (2005)  306-310. 

[45]  A.  Kuzmichev,  R.  Margueron,  A.  Vaquero,  T.S.  Preissner,  M.  Scher,  A.  Kirmizis,  X.  Ouyang,  N. 
Brockdorff,  C.  Abate-Shen,  P.  Farnham  and  D.  Reinberg  Composition  and  histone  substrates  of 


18 

polycomb  repressive  group  complexes  change  during  cellular  differentiation,  Proc  Natl  Acad  Sci 
US  A  102  (2005)  1859-1864. 

[46]  A.  Kirmizis,  S.M.  Bartley,  A.  Kuzmichev,  R.  Margueron,  D.  Reinberg,  R.  Green  and  P.J. 
Farnham  Silencing  of  human  polycomb  target  genes  is  associated  with  methylation  of  histone  H3 
Lys  27,  Genes  Dev  18  (2004)  1592-1605. 

[47]  A.  Kirmizis,  S.M.  Bartley  and  P.J.  Farnham  Identification  of  the  polycomb  group  protein 
SU(Z)12  as  a  potential  molecular  target  for  human  cancer  therapy.  Mol  Cancer  Ther  2  (2003) 
113-121. 

[48]  H.  Li,  X.  Ma,  J.  Wang,  J.  Koontz,  M.  Nucci  and  J.  Sklar  Effects  of  rearrangement  and  allelic 
exclusion  of  JJAZ1/SUZ12  on  cell  proliferation  and  survival,  Proc  Natl  Acad  Sci  USA  104 
(2007)  20001-20006. 

[49]  S.  Wang,  G.P.  Robertson  and  J.  Zhu  A  novel  human  homologue  of  Drosophila  polycomblike 
gene  is  up-regulated  in  multiple  cancers,  Gene  343  (2004)  69-78. 

[50]  E.  Vire,  C.  Brenner,  R.  Deplus,  L.  Blanchon,  M.  Fraga,  C.  Didelot,  L.  Morey,  A.  Van  Eynde,  D. 
Bernard,  J.M.  Vanderwinden,  M.  Bollen,  M.  Esteller,  L.  Di  Croce,  Y.  de  Launoit  and  F.  Fuks 
The  Polycomb  group  protein  EZH2  directly  controls  DNA  methylation.  Nature  439  (2006)  871- 
874. 

[51]  K.M.  McGarvey,  E.  Greene,  J.A.  Fahrner,  T.  Jenuwein  and  S.B.  Baylin  DNA  methylation  and 
complete  transcriptional  silencing  of  cancer  genes  persist  after  depletion  of  EZH2,  Cancer  Res 
67  (2007)  5097-5102. 

[52]  J.E.  Ohm,  K.M.  McGarvey,  X.  Yu,  L.  Cheng,  K.E.  Schuebel,  L.  Cope,  H.P.  Mohammad,  W. 
Chen,  V.C.  Daniel,  W.  Yu,  D.M.  Berman,  T.  Jenuwein,  K.  Pruitt,  S.J.  Sharkis,  D.N.  Watkins, 

J.G.  Herman  and  S.B.  Baylin  A  stem  cell-like  chromatin  pattern  may  predispose  tumor 
suppressor  genes  to  DNA  hypermethylation  and  heritable  silencing,  Nat  Genet  39  (2007)  237- 
242. 

[53]  Y.  Schlesinger,  R.  Straussman,  I.  Keshet,  S.  Farkash,  M.  Hecht,  J.  Zimmerman,  E.  Eden,  Z. 
Yakhini,  E.  Ben-Shushan,  B.E.  Reubinoff,  Y.  Bergman,  I.  Simon  and  H.  Cedar  Polycomb- 
mediated  methylation  on  Lys27  of  histone  H3  pre-marks  genes  for  de  novo  methylation  in 
cancer,  Nat  Genet  39  (2007)  232-236. 

[54]  M.  Widschwendter,  H.  Fiegl,  D.  Egle,  E.  Mueller-Holzner,  G.  Spizzo,  C.  Marth,  D.J. 
Weisenberger,  M.  Campan,  J.  Young,  I.  Jacobs  and  P.W.  Laird  Epigenetic  stem  cell  signature  in 
cancer,  Nat  Genet  39  (2007)  157-158. 

[55]  R.  Villa,  D.  Pasini,  A.  Gutierrez,  L.  Morey,  M.  Occhionorelli,  E.  Vire,  J.F.  Nomdedeu,  T. 
Jenuwein,  P.G.  Pelicci,  S.  Minucci,  F.  Fuks,  K.  Helin  and  L.  Di  Croce  Role  of  the  polycomb 
repressive  complex  2  in  acute  promyelocytic  leukemia,  Cancer  Cell  11  (2007)  513-525. 

[56]  F.  Tie,  T.  Furuyama,  J.  Prasad-Sinha,  E.  Jane  and  P.J.  Harte  The  Drosophila  Polycomb  Group 
proteins  ESC  and  E(Z)  are  present  in  a  complex  containing  the  histone-binding  protein  p55  and 
the  histone  deacetylase  RPD3,  Development  128  (2001)  275-286. 

[57]  J.  van  Der  Vlag  and  A.P.  Otte  Transcriptional  repression  mediated  by  the  human  polycomb- 
group  protein  EED  involves  histone  deacetylation,  Nat  Genet  23  (1999)  474-478. 

[58]  S.  Erhardt,  I.H.  Su,  R.  Schneider,  S.  Barton,  A.J.  Bannister,  L.  Perez-Burgos,  T.  Jenuwein,  T. 
Kouzarides,  A.  Tarakhovsky  and  M.A.  Surani  Consequences  of  the  depletion  of  zygotic  and 
embryonic  enhancer  of  zeste  2  during  preimplantation  mouse  development,  Development  130 
(2003)  4235-4248. 

[59]  D.  O'Carroll,  S.  Erhardt,  M.  Pagani,  S.C.  Barton,  M.A.  Surani  and  T.  Jenuwein  The  polycomb- 
group  gene  Ezh2  is  required  for  early  mouse  development.  Mol  Cell  Biol  21  (2001)  4330-4336. 

[60]  G.  Laible,  A.  Wolf,  R.  Dorn,  G.  Reuter,  C.  Nislow,  A.  Lebersorger,  D.  Popkin,  L.  Pillus  and  T. 
Jenuwein  Mammalian  homologues  of  the  Polycomb-group  gene  Enhancer  of  zeste  mediate  gene 


19 


silencing  in  Drosophila  heterochromatin  and  at  S.  cerevisiae  telomeres,  EMBO  J  16  (1997) 
3219-3232. 

[61]  O.  Hobert,  I.  Sures,  T.  Ciossek,  M.  Fuchs  and  A.  Ullrich  Isolation  and  developmental  expression 
analysis  of  Enx-1,  a  novel  mouse  Polycomb  group  gene,  Mech  Dev  55  (1996)  171-184. 

[62]  I.H.  Su,  A.  Basavaraj,  A.N.  Krutchinsky,  O.  Hobert,  A.  Ullrich,  B.T.  Chait  and  A.  Tarakhovsky 
Ezh2  controls  B  cell  development  through  histone  H3  methylation  and  Igh  rearrangement,  Nat 
Immunol  4  (2003)  124-131. 

[63]  A.  Kuzmichev,  T.  Jenuwein,  P.  Tempst  and  D.  Reinberg  Different  EZH2-containing  complexes 
target  methylation  of  histone  HI  or  nucleosomal  histone  H3,  Mol  Cell  14  (2004)  183-193. 

[64]  C.  Martin,  R.  Cao  and  Y.  Zhang  Substrate  preferences  of  the  EZH2  histone  methyltransferase 
complex,  J  Biol  Chem  281  (2006)  8365-8370. 

[65]  Y.  Wei,  W.  Xia,  Z.  Zhang,  J.  Liu,  H.  Wang,  N.V.  Adsay,  C.  Albarracin,  D.  Yu,  J.L.  Abbruzzese, 
G.B.  Mills,  R.C.  Bast,  Jr.,  G.N.  Hortobagyi  and  M.C.  Hung  Loss  of  trimethylation  at  lysine  27  of 
histone  H3  is  a  predictor  of  poor  outcome  in  breast,  ovarian,  and  pancreatic  cancers.  Mol 
Carcinog  (2008). 

[66]  S.L.  Squazzo,  H.  O'Geen,  V.M.  Komashko,  S.R.  Krig,  V.X.  Jin,  S.W.  Jang,  R.  Margueron,  D. 
Reinberg,  R.  Green  and  P.J.  Farnham  Suzl2  binds  to  silenced  regions  of  the  genome  in  a  cell- 
type-specific  manner,  Genome  Res  16  (2006)  890-900. 

[67]  T.I.  Lee,  R.G.  Jenner,  L.A.  Boyer,  M.G.  Guenther,  S.S.  Levine,  R.M.  Kumar,  B.  Chevalier,  S.E. 
Johnstone,  M.F.  Cole,  K.  Isono,  H.  Koseki,  T.  Fuchikami,  K.  Abe,  H.L.  Murray,  J.P.  Zucker,  B. 
Yuan,  G.W.  Bell,  E.  Herbolsheimer,  N.M.  Hannett,  K.  Sun,  D.T.  Odom,  A.P.  Otte,  T.L.  Volkert, 
D.P.  Bartel,  D.A.  Melton,  D.K.  Gifford,  R.  Jaenisch  and  R.A.  Young  Control  of  developmental 
regulators  by  Polycomb  in  human  embryonic  stem  cells,  Cell  125  (2006)  301-313. 

[68]  D.  Pasini,  A.P.  Bracken,  J.B.  Hansen,  M.  Capillo  and  K.  Helin  The  polycomb  group  protein 
Suzl2  is  required  for  embryonic  stem  cell  differentiation,  Mol  Cell  Biol  27  (2007)  3769-3779. 

[69]  B.  Shi,  J.  Liang,  X.  Yang,  Y.  Wang,  Y.  Zhao,  H.  Wu,  L.  Sun,  Y.  Zhang,  Y.  Chen,  R.  Li,  M. 

Hong  and  Y.  Shang  Integration  of  estrogen  and  Wnt  signaling  circuits  by  the  polycomb  group 
protein  EZH2  in  breast  cancer  cells,  Mol  Cell  Biol  27  (2007)  5105-5119. 

[70]  D.  LaJeunesse  and  A.  Shearn  E(z):  a  polycomb  group  gene  or  a  trithorax  group  gene?, 
Development  122  (1996)  2189-2197. 

[71]  H.W.  Brock  and  M.  van  Lohuizen  The  Polycomb  group— no  longer  an  exclusive  club?,  Curr 
Opin  Genet  Dev  11  (2001)  175-181. 

[72]  J.  Muller  and  J.A.  Kassis  Polycomb  response  elements  and  targeting  of  Polycomb  group  proteins 
in  Drosophila,  Curr  Opin  Genet  Dev  16  (2006)  476-484. 

[73]  L.  Wang,  J.L.  Brown,  R.  Cao,  Y.  Zhang,  J.A.  Kassis  and  R.S.  Jones  Hierarchical  recruitment  of 
polycomb  group  silencing  complexes,  Mol  Cell  14  (2004)  637-646. 

[74]  G.  Caretti,  M.  Di  Padova,  B.  Micales,  G.E.  Lyons  and  V.  Sartorelli  The  Polycomb  Ezh2 
methyltransferase  regulates  muscle  gene  expression  and  skeletal  muscle  differentiation,  Genes 
Dev  18  (2004)  2627-2638. 

[75]  M.  Endoh,  T.A.  Endo,  T.  Endoh,  Y.  Fujimura,  O.  Ohara,  T.  Toyoda,  A.P.  Otte,  M.  Okano,  N. 
Brockdorff,  M.  Vidal  and  H.  Koseki  Polycomb  group  proteins  RinglA/B  are  functionally  linked 
to  the  core  transcriptional  regulatory  circuitry  to  maintain  ES  cell  identity,  Development  135 
(2008) 1513-1524. 

[76]  J.L.  Rinn,  M.  Kertesz,  J.K.  Wang,  S.L.  Squazzo,  X.  Xu,  S.A.  Brugmann,  L.H.  Goodnough,  J.A. 
Helms,  P.J.  Farnham,  E.  Segal  and  H.Y.  Chang  Functional  demarcation  of  active  and  silent 
chromatin  domains  in  human  HOX  loci  by  noncoding  RNAs,  Cell  129  (2007)  1311-1323. 

[77]  Y.B.  Schwartz  and  V.  Pirrotta  Polycomb  silencing  mechanisms  and  the  management  of  genomic 
programmes,  Nat  Rev  Genet  8  (2007)  9-22. 


20 


[78]  L.A.  Boyer,  K.  Plath,  J.  Zeitlinger,  T.  Brambrink,  L.A.  Medeiros,  T.I.  Lee,  S.S.  Levine,  M. 
Wernig,  A.  Tajonar,  M.K.  Ray,  G.W.  Bell,  A.P.  Otte,  M.  Vidal,  D.K.  Gifford,  R.A.  Young  and 
R.  Jaenisch  Polycomb  complexes  repress  developmental  regulators  in  murine  embryonic  stem 
cells,  Nature  441  (2006)  349-353. 

[79]  A.P.  Bracken,  N.  Dietrich,  D.  Pasini,  K.H.  Hansen  and  K.  Helin  Genome-wide  mapping  of 
Polycomb  target  genes  unravels  their  roles  in  cell  fate  transitions,  Genes  Dev  20  (2006)  1123- 
1136. 

[80]  S.S.  Levine,  A.  Weiss,  H.  Erdjument-Bromage,  Z.  Shao,  P.  Tempst  and  R.E.  Kingston  The  core 
of  the  polycomb  repressive  complex  is  compositionally  and  functionally  conserved  in  flies  and 
humans,  Mol  Cell  Biol  22  (2002)  6070-6078. 

[81]  W.  Fischle,  Y.  Wang,  S.A.  Jacobs,  Y.  Kim,  C.D.  Allis  and  S.  Khorasanizadeh  Molecular  basis 
for  the  discrimination  of  repressive  methyl-lysine  marks  in  histone  H3  by  Polycomb  and  HP1 
chromodomains,  Genes  Dev  17  (2003)  1870-1881. 

[82]  N.J.  Francis,  R.E.  Kingston  and  C.L.  Woodcock  Chromatin  compaction  by  a  polycomb  group 
protein  complex,  Science  306  (2004)  1574-1577. 

[83]  R.  Cao,  Y.  Tsukada  and  Y.  Zhang  Role  of  Bmi-1  and  RinglA  in  H2A  ubiquitylation  and  Hox 
gene  silencing.  Mol  Cell  20  (2005)  845-854. 

[84]  J.  Zeitlinger,  A.  Stark,  M.  Kellis,  J.W.  Hong,  S.  Nechaev,  K.  Adelman,  M.  Levine  and  R.A. 
Young  RNA  polymerase  stalling  at  developmental  control  genes  in  the  Drosophila  melanogaster 
embryo,  Nat  Genet  39  (2007)  1512-1516. 

[85]  M.G.  Guenther,  S.S.  Levine,  L.A.  Boyer,  R.  Jaenisch  and  R.A.  Young  A  chromatin  landmark 
and  transcription  initiation  at  most  promoters  in  human  cells,  Cell  130  (2007)  77-88. 

[86]  J.K.  Stock,  S.  Giadrossi,  M.  Casanova,  E.  Brookes,  M.  Vidal,  H.  Koseki,  N.  Brockdorff,  A.G. 
Fisher  and  A.  Pombo  Ring  1 -mediated  ubiquitination  of  H2A  restrains  poised  RNA  polymerase  II 
at  bivalent  genes  in  mouse  ES  cells,  Nat  Cell  Biol  9  (2007)  1428-1435. 

[87]  I.H.  Su,  M.W.  Dobenecker,  E.  Dickinson,  M.  Oser,  A.  Basavaraj,  R.  Marqueron,  A.  Viale,  D. 
Reinberg,  C.  Wulfing  and  A.  Tarakhovsky  Polycomb  group  protein  ezh2  controls  actin 
polymerization  and  cell  signaling,  Cell  121  (2005)  425-436. 

[88]  R.J.  Bryant,  S.J.  Winder,  S.S.  Cross,  F.C.  Hamdy  and  V.T.  Cunliffe  The  Polycomb  Group 
protein  EZH2  regulates  actin  polymerization  in  human  prostate  cancer  cells,  Prostate  68  (2008) 
255-263. 

[89]  R.J.  Bryant,  N.A.  Cross,  C.L.  Eaton,  F.C.  Hamdy  and  V.T.  Cunliffe  EZH2  promotes 
proliferation  and  invasiveness  of  prostate  cancer  cells,  Prostate  67  (2007)  547-556. 

[90]  B.  Tolhuis,  E.  de  Wit,  I.  Muijrers,  H.  Teunissen,  W.  Talhout,  B.  van  Steensel  and  M.  van 
Lohuizen  Genome- wide  profiling  of  PRC  1  and  PRC2  Polycomb  chromatin  binding  in 
Drosophila  melanogaster,  Nat  Genet  38  (2006)  694-699. 

[91]  N.  Negre,  J.  Hennetin,  L.V.  Sun,  S.  Lavrov,  M.  Beilis,  K.P.  White  and  G.  Cavalli  Chromosomal 
distribution  of  PcG  proteins  during  Drosophila  development,  PLoS  Biol  4  (2006)  el70. 

[92]  Y.B.  Schwartz,  T.G.  Kahn,  D.A.  Nix,  X.Y.  Li,  R.  Bourgon,  M.  Biggin  and  V.  Pirrotta  Genome¬ 
wide  analysis  of  Polycomb  targets  in  Drosophila  melanogaster,  Nat  Genet  38  (2006)  700-705. 

[93]  E.B.  Lewis  A  gene  complex  controlling  segmentation  in  Drosophila .,  Nature  276  (1978)  565- 
570. 

[94]  L.A.  Boyer,  T.I.  Lee,  M.F.  Cole,  S.E.  Johnstone,  S.S.  Levine,  J.P.  Zucker,  M.G.  Guenther,  R.M. 
Kumar,  H.L.  Murray,  R.G.  Jenner,  D.K.  Gifford,  D.A.  Melton,  R.  Jaenisch  and  R.A.  Young  Core 
transcriptional  regulatory  circuitry  in  human  embryonic  stem  cells,  Cell  122  (2005)  947-956. 

[95]  P.  van  der  Stoop,  E.A.  Boutsma,  D.  Hulsman,  S.  Noback,  M.  Heimerikx,  R.M.  Kerkhoven,  J.W. 
Voncken,  L.F.  Wessels  and  M.  van  Lohuizen  Ubiquitin  E3  ligase  Ringlb/Rnf2  of  polycomb 
repressive  complex  1  contributes  to  stable  maintenance  of  mouse  embryonic  stem  cells,  PLoS 
ONE  3  (2008)  e2235. 


21 


[96]  B.E.  Bernstein,  T.S.  Mikkelsen,  X.  Xie,  M.  Kamal,  D.J.  Huebert,  J.  Cuff,  B.  Fry,  A.  Meissner, 

M.  Wernig,  K.  Plath,  R.  Jaenisch,  A.  Wagschal,  R.  Feil,  S.F.  Schreiber  and  E.S.  Fander  A 
bivalent  chromatin  structure  marks  key  developmental  genes  in  embryonic  stem  cells,  Cell  125 
(2006)  315-326. 

[97]  K.  Jepsen,  D.  Solum,  T.  Zhou,  R.J.  McEvilly,  H ,J.  Kim,  C.K.  Glass,  O.  Hermanson  and  M.G. 
Rosenfeld  SMRT-mediated  repression  of  an  H3K27  demethylase  in  progression  from  neural 
stem  cell  to  neuron,  Nature  450  (2007)  415-419. 

[98]  K.  Agger,  P.A.  Cloos,  J.  Christensen,  D.  Pasini,  S.  Rose,  J.  Rappsilber,  I.  Issaeva,  E.  Canaani, 
A.E.  Salcini  and  K.  Helin  UTX  and  JMJD3  are  histone  H3K27  demethylases  involved  in  HOX 
gene  regulation  and  development,  Nature  449  (2007)  731-734. 

[99]  T.  Reya,  S.J.  Morrison,  M.F.  Clarke  and  I.L.  Weissman  Stem  cells,  cancer,  and  cancer  stem 
cells,  Nature  414  (2001)  105-111. 

[100]  R.  Pardal,  M.F.  Clarke  and  S.J.  Morrison  Applying  the  principles  of  stem-cell  biology  to  cancer, 
Nat  Rev  Cancer  3  (2003)  895-902. 

[101]  N.A.  Lobo,  Y.  Shimono,  D.  Qian  and  M.F.  Clarke  The  biology  of  cancer  stem  cells,  Annu  Rev 
Cell  Dev  Biol  23  (2007)  675-699. 

[102]  J.  Stingl  and  C.  Caldas  Molecular  heterogeneity  of  breast  carcinomas  and  the  cancer  stem  cell 
hypothesis,  Nat  Rev  Cancer  7  (2007)  791-799. 

[103]  I.  Ben-Porath,  M.W.  Thomson,  V.J.  Carey,  R.  Ge,  G.W.  Bell,  A.  Regev  and  R.A.  Weinberg  An 
embryonic  stem  cell-like  gene  expression  signature  in  poorly  differentiated  aggressive  human 
tumors,  Nat  Genet  40  (2008)  499-507. 

[104]  F.  Fyko  and  R.  Brown  DNA  methyltransferase  inhibitors  and  the  development  of  epigenetic 
cancer  therapies,  J  Natl  Cancer  Inst  97  (2005)  1498-1506. 

[105]  C.B.  Yoo  and  P.A.  Jones  Epigenetic  therapy  of  cancer:  past,  present  and  future,  Nat  Rev  Drug 
Discov  5  (2006)  37-50. 

[106]  D.C.  Drummond,  C.O.  Noble,  D.B.  Kirpotin,  Z.  Guo,  G.K.  Scott  and  C.C.  Benz  Clinical 
development  of  histone  deacetylase  inhibitors  as  anticancer  agents,  Annu  Rev  Pharmacol 
Toxicol  45  (2005)  495-528. 

[107]  K.N.  Bhalla  Epigenetic  and  chromatin  modifiers  as  targeted  therapy  of  hematologic 
malignancies,  J  Clin  Oncol  23  (2005)  3971-3993. 

[108]  J.E.  Bolden,  M.J.  Peart  and  R.W.  Johnstone  Anticancer  activities  of  histone  deacetylase 
inhibitors,  Nat  Rev  Drug  Discov  5  (2006)  769-784. 

[109]  H.  Suzuki,  E.  Gabrielson,  W.  Chen,  R.  Anbazhagan,  M.  van  Engeland,  M.P.  Weijenberg,  J.G. 
Herman  and  S.B.  Baylin  A  genomic  screen  for  genes  upregulated  by  demethylation  and  histone 
deacetylase  inhibition  in  human  colorectal  cancer,  Nat  Genet  31  (2002)  141-149. 

[110]  E.E.  Cameron,  K.E.  Bachman,  S.  Myohanen,  J.G.  Herman  and  S.B.  Baylin  Synergy  of 
demethylation  and  histone  deacetylase  inhibition  in  the  re-expression  of  genes  silenced  in  cancer, 
Nat  Genet  21  (1999)  103-107. 

[111]  S.D.  Gore,  S.  Baylin,  E.  Sugar,  H.  Carraway,  C.B.  Miller,  M.  Carducci,  M.  Grever,  O.  Galm,  T. 
Dauses,  J.E.  Karp,  M.A.  Rudek,  M.  Zhao,  B.D.  Smith,  J.  Manning,  A.  Jiemjit,  G.  Dover,  A. 
Mays,  J.  Zwiebel,  A.  Murgo,  L.J.  Weng  and  J.G.  Herman  Combined  DNA  methyltransferase  and 
histone  deacetylase  inhibition  in  the  treatment  of  myeloid  neoplasms,  Cancer  Res  66  (2006) 
6361-6369. 

[112]  S.  Kubicek,  R.J.  O'Sullivan,  E.M.  August,  E.R.  Hickey,  Q.  Zhang,  M.L.  Teodoro,  S.  Rea,  K. 
Mechtler,  J.A.  Kowalski,  C.A.  Homon,  T.A.  Kelly  and  T.  Jenuwein  Reversal  of  H3K9me2  by  a 
small-molecule  inhibitor  for  the  G9a  histone  methyltransferase.  Mol  Cell  25  (2007)  473-481. 

[113]  J.  Tan,  X.  Yang,  L.  Zhuang,  X.  Jiang,  W.  Chen,  P.L.  Lee,  R.K.  Karuturi,  P.B.  Tan,  E.T.  Liu  and 
Q.  Yu  Pharmacologic  disruption  of  Polycomb-repressive  complex  2-mediated  gene  repression 
selectively  induces  apoptosis  in  cancer  cells,  Genes  Dev  21  (2007)  1050-1063. 


22 


[114]  Z.  Han,  X.  Xing,  M.  Hu,  Y.  Zhang,  P.  Liu  and  J.  Chai  Structural  basis  of  EZH2  recognition  by 
EED,  Structure  15  (2007)  1306-1315. 

[115]  O.P.  Berezovska,  A.B.  Glinskii,  Z.  Yang,  X.M.  Li,  R.M.  Hoffman  and  G.V.  Glinsky  Essential 
role  for  activation  of  the  Polycomb  group  (PcG)  protein  chromatin  silencing  pathway  in 
metastatic  prostate  cancer,  Cell  Cycle  5  (2006)  1886-1901. 

[116]  G.J.  van  Leenders,  D.  Dukers,  D.  Hessels,  S.W.  van  den  Kieboom,  C.A.  Hulsbergen,  J.A.  Witjes, 
A.P.  Otte,  C.J.  Meijer  and  F.M.  Raaphorst  Polycomb-group  oncogenes  EZH2,  BMI1,  and 
RING1  are  overexpressed  in  prostate  cancer  with  adverse  pathologic  and  clinical  features,  Eur 
Urol  52  (2007)  455-463. 

[117]  F.M.  Raaphorst,  C.J.  Meijer,  E.  Fieret,  T.  Blokzijl,  E.  Mommers,  H.  Buerger,  J.  Packeisen,  R.A. 
Sewalt,  A.P.  Otte  and  P.J.  van  Diest  Poorly  differentiated  breast  carcinoma  is  associated  with 
increased  expression  of  the  human  polycomb  group  EZH2  gene,  Neoplasia  5  (2003)  481-488. 

[118]  F.J.  van  Kemenade,  F.M.  Raaphorst,  T.  Blokzijl,  E.  Fieret,  K.M.  Hamer,  D.P.  Satijn,  A.P.  Otte 
and  C.J.  Meijer  Coexpression  of  BMI-1  and  EZH2  polycomb-group  proteins  is  associated  with 
cycling  cells  and  degree  of  malignancy  in  B-cell  non-Hodgkin  lymphoma.  Blood  97  (2001) 
3896-3901. 

[119]  H.P.  Visser,  M.J.  Gunster,  H.C.  Kluin-Nelemans,  E.M.  Manders,  F.M.  Raaphorst,  C.J.  Meijer,  R. 
Willemze  and  A.P.  Otte  The  Polycomb  group  protein  EZH2  is  upregulated  in  proliferating, 
cultured  human  mantle  cell  lymphoma,  Br  J  Haematol  112  (2001)  950-958. 

[120]  F.M.  Raaphorst,  F.J.  van  Kemenade,  T.  Blokzijl,  E.  Fieret,  K.M.  Hamer,  D.P.  Satijn,  A.P.  Otte 
and  C.J.  Meijer  Coexpression  of  BMI-1  and  EZH2  polycomb  group  genes  in  Reed-Sternberg 
cells  of  Hodgkin's  disease.  Am  J  Pathol  157  (2000)  709-715. 

[121]  S.  Weikert,  F.  Christoph,  J.  Kollermann,  M.  Muller,  M.  Schrader,  K.  Miller  and  H.  Krause 
Expression  levels  of  the  EZH2  polycomb  transcriptional  repressor  correlate  with  aggressiveness 
and  invasive  potential  of  bladder  carcinomas,  Int  J  Mol  Med  16  (2005)  349-353. 

[122]  J.D.  Raman,  N.P.  Mongan,  S.K.  Tickoo,  S.A.  Boorjian,  D.S.  Scherr  and  L.J.  Gudas  Increased 
expression  of  the  polycomb  group  gene,  EZH2,  in  transitional  cell  carcinoma  of  the  bladder,  Clin 
Cancer  Res  11  (2005)  8570-8576. 

[123]  S.  Arisan,  E.D.  Buyuktuncer,  N.  Palavan-Unsal,  T.  Caskurlu,  O.O.  Cakir  and  E.  Ergenekon 
Increased  expression  of  EZH2,  a  polycomb  group  protein,  in  bladder  carcinoma,  Urol  Int  75 
(2005)  252-257. 

[124]  K.  Mimori,  K.  Ogawa,  M.  Okamoto,  T.  Sudo,  H.  Inoue  and  M.  Mori  Clinical  significance  of 
enhancer  of  zeste  homolog  2  expression  in  colorectal  cancer  cases,  Eur  J  Surg  Oncol  31  (2005) 
376-380. 

[125]  J.B.  McHugh,  D.R.  Fullen,  L.  Ma,  C.G.  Kleer  and  L.D.  Su  Expression  of  polycomb  group 
protein  EZH2  in  nevi  and  melanoma,  J  Cutan  Pathol  34  (2007)  597-600. 

[126]  T.  Sudo,  T.  Utsunomiya,  K.  Mimori,  H.  Nagahara,  K.  Ogawa,  H.  Inoue,  S.  Wakiyama,  H.  Fujita, 
K.  Shirouzu  and  M.  Mori  Clinicopathological  significance  of  EZH2  mRNA  expression  in 
patients  with  hepatocellular  carcinoma,  Br  J  Cancer  92  (2005)  1754-1758. 

[127]  R.H.  Breuer,  P.J.  Snijders,  E.F.  Smit,  T.G.  Sutedja,  R.G.  Sewalt,  A.P.  Otte,  F.J.  van  Kemenade, 
P.E.  Postmus,  C.J.  Meijer  and  F.M.  Raaphorst  Increased  expression  of  the  EZH2  polycomb 
group  gene  in  BMI-1 -positive  neoplastic  cells  during  bronchial  carcinogenesis,  Neoplasia  6 
(2004)^736-743. 

[128]  Y.  Matsukawa,  S.  Semba,  H.  Kato,  A.  Ito,  K.  Yanagihara  and  H.  Yokozaki  Expression  of  the 
enhancer  of  zeste  homolog  2  is  correlated  with  poor  prognosis  in  human  gastric  cancer,  Cancer 
Sci  97  (2006)  484-491. 


Table  1.  Human  cancers  associated  with  over-expression  of 
PRC2  subunits. 


PRC2  subunit 

Type  of  cancer 

References 

EZH2 

Prostate 

[34,37,38,41,115,116] 

Breast 

[35,40-43,117] 

Lymphoma 

[118-120] 

Myeloma 

[36] 

Bladder 

[121-123] 

Colon 

[124] 

Skin 

[41,125] 

Liver 

[126] 

Endometrial 

[41] 

Lung 

[127] 

Gastric 

[128] 

SUZ12 

Colon 

[45-47] 

Breast 

[45,47] 

Liver 

[47] 
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Figure  1 .  EZH2  knockdown  in  breast  cancer  cells  by  RNA  interference.  Panels 
show  Western  blots  to  detect  EZH2,  histone  H3  trimethylated  on  K27,  or  tubulin 
(as  a  loading  control)  in  protein  extracts  from  SKBR3  cells.  Samples  were 
prepared  from  cells  treated  with  a  pool  of  double-stranded  oligonucleotides  to 
target  depletion  of  EZH2  or  with  a  non-target  (NT2)  pool  of  oligonucleotides  to 
serve  as  negative  control.  Amounts  of  total  protein  loaded  per  lane  are  indicated 
The  EZH2  RNAi  treatment  reduces  levels  of  EZH2  protein  and  trimethylated  H3- 
K27  compared  to  nontargeted  control. 
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Figure  2.  EZH2  knockdown  derepresses  the  CCND2  and  MYT 1  target  genes  in 

breast  cancer  cells.  Bar  graphs  depict  relative  abundance  of  CCND2  and  MYT1 
mRNAs  as  determined  by  quantitative  (real-time)  RT-PCR.  RNA  samples  were 
prepared  from  SKBR3  cells  treated  with  a  pool  of  double-stranded  oligonucleotides  to 
deplete  EZH2  or  with  a  non-target  (NT2)  pool  of  oligonucleotides  as  negative  control. 
Error  bars  represent  standard  deviations  from  triplicate  samples. 
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Figure  3.  Chromatin  immuneprecipitation  detects  direct  EZH2  association  with  the 

MYTl  and  CCND2  target  genes  in  breast  cancer  cells.  A)  Chromatin  IPs  to  detect 
EZH2  binding  to  MYT 1  and  CCND2  fragments  from  their  respective  promoter  and 
upstream  regions  (shown  in  B)  in  SKBR3  cells.  "Mock"  indicates  negative  control 
immunoprecipitation  lacking  antibody  and  "input"  samples  contain  PCR  products 
amplified  from  indicated  dilutions  of  genomic  DNA.  EZH2  associates  with  promoter 
and  upstream  regions  of  MYTl  and  CCND2  but  not  with  a  negative  control  gene 
(GAPDH).  In  (B),  upstream  regions  tested  are  located  1 .5  to  1 .8  kb  from  the 
transcription  start  sites,  which  are  denoted  by  arrows. 
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Figure  4.  EZH2  knockdown  leads  to  loss  of  DNA  methylation  within  the  CCND2 

upstream  region.  The  map  depicts  the  CCND2  upstream  region,  which  contains  CpG 
islands  in  the  -1 .3  to  -1 .5  kb  region  known  to  be  methylated  in  breast  cancer  cells. 
Methylation-specific  PCR  was  used  to  detect  CpG  DNA  methylation  in  genomic  DNA 
isolated  from  SKBR3  cells.  "USP"  indicates  a  pair  of  PCR  primers  designed  to  detect 
unmethylated  CpG  DNA  in  the  -1 .5  kb  region  and  "MSP"  indicates  a  second  pair  of 
PCR  primers  to  detect  methylated  CpG  DNA  in  the  -1 .3  kb  region.  Accumulation  of 
PCR  products  is  shown  from  reactions  using  the  USP  and  MSP  primers,  as  indicated, 
and  the  following  templates:  untreated  CCND2  upstream  fragment  (lane  1),  CCND2 
upstream  fragment  pre-methylated  by  Sssl  methylase  (lane  2),  genomic  DNA  from 
cells  treated  with  control  (non-target)  RNAi  (lane  3),  and  genomic  DNA  from  cells 
treated  with  EZH2  RNAi  (lane  4).  All  templates  were  treated  with  bisulfite  to  convert 
unmethylated  C  residues  to  T  residues  prior  to  PCR.  Comparison  of  MSP  signals  in 
lanes  3  and  4  indicates  that  EZH2  is  required  for  CpG  DNA  methylation  in  the  CCND2 
upstream  region. 
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Figure  5.  Mapping  of  EZH2,  YY1 ,  and  OCT4  chromatin  association  within  the 
CCND2  upstream  region.  Chromatin  IPs  were  performed  on  SKBR3  cells,  with 
successive  primer  pairs  used  to  map  indicated  regulatory  proteins  within  the  4  kb 
region  upstream  of  the  CCND2  start  site  (arrow).  Top  three  panels  show 
association  of  EZH2,  YY1  and  OCT4,  as  indicated.  The  fourth  panel  shows  a  mock 
IP  negative  control  and  the  fifth  panel  shows  PCR  products  amplified  from  input 
genomic  DNA.  GAPDH  is  a  negative  control  gene  which  shows  little  or  no 
association  with  these  regulatory  factors. 
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Figure  6.  Reporter  constructs  to  test  for  EZH2  silencing  in  breast  cancer  cells.  All 

constructs  contain  regulatory  DNA  fused  to  the  coding  region  of  the  firefly  luciferase 
gene  (luc+).  The  bottom  two  constructs  contain  intact  segments  of  CCND2  upstream 
DNA  that  span  the  major  regions  of  EZH2  association.  The  top  two  constructs  are 
composites  containing  either  the  CCND2  promoter  region  or  an  isolated  CCND2 
upstream  fragment  in  combination  with  the  SV40  enhancer  or  promoter. 


